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ABSTRACT OF DISSERTATION 
 
 
 
 
MOBILITY OF ESCHERICHIA COLI WITHIN KARST TERRAINS, KENTUCKY, 
USA 
 
Bacterial contamination of karst aquifers is a concern as water quality across the globe 
deteriorates in the face of decreasing water security. This study examined the transport 
and attenuation of two non-virulent isolates of Escherichia coli in relation to traditional 
groundwater tracers such as rhodamine WT dye and latex microspheres in two karst 
regions in Kentucky. Differential movement between the four tracers was observed in 
both epikarst and karst aquifer traces, with differences in behavior dependent on flow 
conditions. Attenuation was greater for the bacterial isolate containing the iha gene, 
compared to the isolate containing the kps gene. Microspheres of comparable size (1 µm 
diameter) were more easily remobilized during increases in discharge during the 
observed periods for both study sites. Bacteria were remobilized during storm events over 
1 month after injection. Recoveries of tracers that were < 100% combined with observed 
remobilization during storm events illustrate the storage capacity of epikarst and karst 
aquifers with regard to potential contaminants. 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 
 
1.1 Introduction and objectives 
 Karst aquifers are an important source of drinking water for populations around 
the globe. Roughly 10‒15% of the land on Earth is comprised of well-developed karst 
(Palmer 2007), with 20‒25% of the global population relying on groundwater obtained 
from karst (Ford and Williams 2007). Due to their physical characteristics, karst aquifers 
are prone to contamination. As growing population exacerbates the strain on water 
resources, it is imperative to examine the quality in addition to the quantity of this 
precious resource. Currently, transport and attenuation of microorganisms in karst 
aquifers are not well understood. Traditional groundwater tracers used in karst systems 
include fluorescent dyes and latex microspheres. However, these tracers do not exhibit 
surface properties similar to bacteria and pathogens and therefore are not good proxies 
for risk assessment involving microorganisms. 
 Pathogens are one of the leading causes of surface water contamination (Surbeck 
et al. 2010) and can lead to various health problems (Table 1.1), including diarrhea, eye 
infections, and hemolytic-uremic syndrome (Donnenberg 2002; Percival et al. 2004). 
Many of the pathogens that pose a risk to human health are excreted through the fecal 
material of humans or ruminants, which can enter water resources via runoff, especially 
during storm events. Human fecal material can enter water resources through various 
pathways, including faulty septic systems, straight pipes, or overflowing leaky sanitary 
sewers, contributing pathogens such as Escherichia coli (E. coli), Campylobacter, 
Shigella, Vibrio cholera, and Salmonella. Globally, it is estimated that 10‒100 billion 
tons of agricultural animal manure are produced annually (Fayer and Trout 2005). In 
particular, cattle manure can contain 109 colony forming units (cfu)/g of fecal material, 
105‒107 of which are E. coli and enterococci (Jiang et al. 2002; Thurston-Enriquez et al. 
2005; Soupir et al. 2006; Guber et al. 2007). Livestock can be a source of fecal material 
and has the potential to spread pathogens. 
 The objectives of this study were to evaluate transport and attenuation of two 
isolates of E. coli with differing surface characteristics within epikarst and within a 
conduit-flow karst aquifer. It was hypothesized that: 1) E. coli would exhibit different 
transport behavior than fluorescent dye or microspheres, with E. coli demonstrating 
remobilization during subsequent storm events; 2) for the aquifer trace at base-flow 
conditions, bacteria were anticipated to arrive prior to microspheres, which were 
anticipated to arrive prior to dye; and 3) for the epikarst trace, dye was expected to arrive 
prior to particulate tracers; 4) the two isolates of E. coli were expected to have differing 
transport properties, with the isolate containing the iha gene showing greater adhesion, 
and therefore slower transport times, than the isolate containing the kps gene. 
 
1.2 Fecal bacteria 
Particular bacteria make up the regular flora within the digestive tracts of warm-
blooded organisms, and are therefore commonly found in fecal material. Although exact 
communities differ between species, as well as among individuals within a species, 
common bacteria include Actinomyces, Bacteroides, Bifidobacterium, Clostridia, 
Escherichia, Fusobacterium, Lactobacilli, Ruminococci, Peptostreptococci, 
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Propionibacterium, and Streptococci (Finegold et al. 1983). Presence of these bacteria 
can indicate the presence of fecal material, which may contain pathogens.  
Fecal coliform (FC) are used to determine if potentially harmful bacteria are 
likely to be present in water. An ideal fecal indicator has been described to have the 
following characteristics: the organism should be derived only from a fecal source in the 
environment; the indicator should appear in greater numbers than the pathogen; survival 
should exceed that of the pathogen; and detection of the organism should be cheap, easy, 
and reliable (Hach Company 2000). Escherichia coli and enterococci are the two 
commonly used fecal indicators at this time. A study conducted in Swiss karst aquifers 
showed that E. coli was an adequate indicator for the arrival of potentially pathogenic 
microorganisms such as verotoxin-producing E. coli, Campylobacter spp., Salmonella 
spp., Pseudomonas aeruginosa, norovirus, enterovirus, rotavirus, adenovirus, 
Cryptosporidium oocysts, and Giardia cysts. Fecal microorganisms were most frequently 
detected in karst terrains out of all aquifer types. Although all sites contained fecal 
indicator bacteria, fewer samples contained potentially pathogenic microorganisms. 
Nearly half of the samples that tested positive for human enteric viruses were affected by 
several virus types. No correlation was found between fecal indicator bacteria and total 
cell count (Sinreich et al. 2014).   
Multiple studies have shown that FC increases with storm events, with higher 
levels of E. coli seen during or slightly prior to the rising limb of hydrographs (Meays et 
al. 2006; Traister and Anisfeld 2006; Parks and VanBriesen 2009). Bacteria can be 
associated with sediment suspended during high flow events (Jamieson et al. 2005; 
Money et al. 2009). Under simulated rainfall, E. coli from cowpats was attached to soil 
particles less often than enterococci (Soupir et al. 2010). Cowpats aged for > 40 d 
released E. coli at concentrations > 104 /100 mL of overland flow (McDowell et al. 
2006). Escherichia coli in the last study did not follow first-order decay models, 
indicating bacteria could contribute to water-quality issues beyond what is typically 
modeled by public health agencies.  
 According to the U.S. Environmental Protection Agency (EPA), drinking water 
standards have a maximum contaminant level goal for total coliforms (TC) of 0 cfu/100 
mL, with no more than 5% TC-positive samples per month (EPA 2012). For an estimated 
illness rate of 36 per 1,000 contact recreators, recreational waters shall not exceed a 
geometric mean of 126 TC per 100 mL, with a statistical threshold value (STV) of 410 
cfu/100 mL (EPA Recreational 2012).  
 
1.3 Escherichia coli 
 
1.3.1 General characteristics 
Escherichia coli can be found in soil and water, but is most common in the 
intestinal tract of warm-blooded animals. Escherichia coli is a facultative anaerobe that is 
a gram-negative rod-shaped, non-spore-forming bacterium belonging to the 
Enterobacteriaceae family. The ability to ferment lactose to acid and gas within 48 hours 
at a temperature of 44.5°C classifies it as a thermotolerant form of coliform bacteria 
(Neidhardt et al. 1996). Escherichia coli is a diverse species with both nonpathogenic 
strains and those that are capable of causing enteric disease (Johnson 2002). The ability 
to cause enteric disease is due to the expression of virulence factors. 
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 Nutrients required for growth and reproduction of E. coli include NH4+, Mn2+, 
Mg2+, Fe2+, K+, Cl-, SO42-, and PO43- (Moat et al. 2002). Escherichia coli favors simple 
carbon and nitrogen sources, such as glucose and ammonium sulfate (Bettelheim 1994; 
Bender 1996; Chan 2003). Ammonium is the predominant form of nitrogen in aquatic 
environments (Brown and Johnson 1977). Nitrite and nitrate are utilized as sole nitrogen 
sources under anaerobic conditions (Stewart 1988).  
  
1.3.2 Survival in the environment 
Transport and survival of microorganisms in aquifers are controlled by four main 
factors: climate, aquifer material, pore fluids, and characteristics of the microorganism 
being evaluated (Personné et al. 1998). Survival times of E. coli in the environment 
widely vary. In general, E. coli populations decrease as temperatures increase (Wcisło 
and Chrόst 2000; Craig et al. 2004). Higher survival rates are seen in fine-grained 
sediment high in clay and nutrients such as dissolved organic carbon (DOC) and 
phosphorus (Craig et al. 2004; Surbeck et al. 2010).  
Mortality of E. coli is dominated by predation and water chemistry (Wcisło and 
Chrόst 2000; Cook and Bolster 2007). Die-off rates of E. coli in the sediment of karst 
springs were examined using inoculation chambers. Chambers allowed for the exchange 
of water and nutrients, while excluding predators and keeping the bacterial population in 
one area. The E. coli exhibited viability for > 75 d, during which there was a 4-log-unit 
die-off of bacteria (Davis et al. 2005). Survival times have been listed as 8-12 h for river 
or well water, 30 d in a reservoir, and several months in soils (Personné et al. 1998; 
Wcisło and Chrόst 2000). Escherichia coli have been seen to survive 82 to > 260 d in 
sterilized groundwater (Banning et al. 2002; Craig et al. 2004; Warden 2010).  
Presence of predators greatly influences E. coli populations. Escherichia coli 
populations were reduced by 2 log units within 2.5 d in estuarine sediment microcosms 
(Craig et al. 2004), 47 to 99% in the Seine River (George et al. 2001), and by 3‒4 log-
units in the presence of protozoa (Tetrahymena pyriformis and Colpoda steinii) over a 7-
d period in lab microcosms (Barton 2011). Zhang et al. (2001) inferred that loss of 
bacteria injected into a sandy aquifer on the Eastern Shore of Virginia was also a result of 
predation. 
 Indicator organisms can have survival rates that differ from pathogens. For 
example, Campylobacter jejuni mortality in groundwater is 13-times faster than that of E. 
coli (Cook and Bolster 2007). Age of the fecal source plays a large role in differences in 
survival rates between pathogens and indicator organisms. Fecal indicator populations 
showed a 2-log-unit decline in dry cattle manure, whereas fecal streptococci were more 
numerous (Weaver et al. 2005). Adhesion capabilities between indicator organisms and 
pathogens vary as well, as seen in column experiments with E. coli and C. jejuni (Fig. 
1.1) (Bolster et al. 2006).   
 
1.3.3 Virulence factors 
Virulence factors (VF) are specialized features that allow a microorganism to 
colonize specific host surfaces. Such features include adhesions, toxins, siderophores, and 
secretion systems. Virulence factors are typically associated with pathogenicity-
associated islands, which can be varying sizes on the genome or plasmid. The net 
virulence of a strain is a function of the number and quality of the VF it possesses 
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(Johnson 2002). Mere possession of a virulence gene does not make a strain pathogenic, 
as certain combinations of genes are required to be expressed before causing disease in a 
specific host (Law 2000; Grauke et al. 2002; Gilmore and Ferretti 2003; Chapman et al. 
2006). Smith and Linggood (1971) showed that the presence of adhesion or toxin 
production alone was not enough to make an E. coli strain a true pathogen and that both 
adhesiveness and toxin production were required to cause clinical symptoms of diarrhea 
in piglets. Commensal E. coli have been found to contain genes for virulence factors 
(Beutin et al. 2003; Dixit et al. 2004; Chapman et al. 2006), but it is unusual for a single 
virulence factor to cause illness, with the exception of some exotoxin production. 
  
1.3.4 Serotypes 
Escherichia coli can be serologically typed based on the presence of O, H, and K 
antigens (Fig. 1.2). There are over 70 serogroups of O antigens, which are somatic factors 
that are heat stable at 100°C and 121°C. Fifty varieties of flagellar H antigens exist, 
which can be inactivated with 100°C heat. K antigens, which can be divided into three 
types (L, A, and B), are capsular somatic factors that can mask O antigens. Depending on 
bacterial interaction with the host’s cells, virulent strains of E. coli can be grouped as 
follows: enteropathogenic (EPEC), enterotoxigenic (ETEC), vero cytotoxigenic (VTEC)/ 
enterohaemorrhagic (EHEC), enteroinvasive (EIEC), and enteroaggregative (EAEC).  
EPEC invades and alters the structure of the intestinal mucosal cells. This particular 
strain is more common in children than adults (WHO 1987; Percival et al. 2004). It is 
important to note, however, that to be classified as EPEC, the organism must contain the 
gene for intimin, eae, and lack verotoxin production (Monaghan et al. 2012). ETEC 
adheres to the epithelial cells of the small intestines, where production of two 
enterotoxins affects electrolyte transport. Enterotoxins can be heat-stable (STa and STb) 
or heat-labile (LT-I and LT-II). VTEC/EHEC attaches to mucosal cells and produces 
Shiga-like toxins (Stx1 and Stx2) that can result in haemolytic uraemic syndrome (HUS), 
such as the infamous O157:H7 strain, which has been responsible for many food recalls 
and has been reported on by the media. EIEC invades colon cells and destroys them as it 
spreads from cell to cell, causing an inflammatory response. EAEC binds in clumps and 
produces a thick mucus biofilm in addition to producing toxins. EIEC and EAEC 
outbreaks are not commonly transmitted from water resources. Humans and domestic 
animals act as reservoirs for VTEC/EHEC and ETEC. ETEC accounts for 2‒8% of E. 
coli found in water (Percival et al. 2004).  
Antigens and combinations of serogroups can be associated with strains that 
produce clinical disease. For example, EIEC is associated with antigens O28, O52, O112, 
O115, O124, O136, O143, O145, and O147. However, the mere presence of O or H 
factors does not necessarily mean that an isolate is virulent. O20 is one of the serogroups 
that dominates the fecal flora in healthy humans (Sussman 1985).  
 
1.3.5 iha and kps  
 The IrgA homologue adhesion, iha, codes for an outer membrane protein of 
nonhemagglutinating adhesion and has been found in both pathogenic and non-virulent 
strains (Bauer et al. 2002). This gene is found on a pathogenicity island of E. coli and is 
sometimes associated with EHEC. Presence of this gene does not necessarily mean that 
the isolate is pathogenic, nor does it mean that the isolate will express the gene. Chapman 
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et al. (2006) saw iha in 4.3% of commensal E. coli strains examined. Escherichia coli 
isolates containing the iha gene were found to have high attachment efficiencies (0.510) 
in column experiments using clean quartz sand (Cook et al. 2011). Attachment efficiency 
describes the cell’s ability to associate with the substrate (i.e. sand), with values close to 
zero demonstrating little association, and values nearing 1 demonstrating high association 
with the substrate. The commonly used primer set for iha derives a product that is 827 
base pairs (bp) long (Chapman et al. 2006). 
Capsular polysaccharide synthesis is coded for by kpsMTII. The kps gene cluster 
contains three regions. If there are mutations within the second region, E. coli will not 
produce the polysaccharide. kpsMTII is in region three and is responsible for exporting 
the capsular polysaccharide (Rick and Silver 1996). kpsMTII is present in strains that 
cause urinary tract infections as well as from fecal material of healthy humans and 
animals (Johnson 2002). In column studies by Cook et al. (2011), E. coli containing the 
kps gene have been shown to have low attachment efficiency (0.024) in clean quartz 
sand. The primer commonly used to amplify the kpsMTII gene derives a product that is 
272 bp in length. Both iha and kps are present in the Nissle 1917 strain of E. coli, which 
is used medicinally as a probiotic to treat some forms of gastroenterological diseases 
(Grozdanov et al. 2004). 
 
1.3.6 Quantitative polymerase chain reaction (qPCR) 
Bacteria can enter states where they remain viable, yet are nonculturable (Holben 
and Ostrom 2000); thus culture techniques may underestimate the number of viable 
bacteria (Banning et al. 2002). Quantification through molecular analysis can overcome 
this problem. Polymerase chain reaction (PCR) is a process in which deoxyribonucleic 
acid (DNA) or ribonucleic acid (RNA) is replicated. Individual sequences can be targeted 
for replication. Generally, the process starts with denaturing the DNA, typically at 
temperatures around 94°C. Primers (short sequences of nucleotides) are annealed to the 
DNA at cooler temperatures (55°C). DNA polymerase then extends the sequence (at 
72°C) in the presence of deoxynucleoside triphosphates (dNTPs). Taq polymerase is the 
enzyme typically used for extension because it is efficient at higher temperatures and can 
withstand heating to 94°C for short periods of time without denaturing. The process of 
denaturing, annealing, and extension is repeated to generate high numbers of the DNA 
sequence of interest. The exact timing of each step, temperature, and concentration of 
reagents can be altered to optimize the reaction.  
Quantitative PCR (qPCR), or real-time PCR, is a method that, using fluorescent 
signals, detects amplification of DNA in real time as PCR progresses (Jia 2012). 
Information can ultimately be used to quantify certain genes (and the number of cells or 
organisms) within a sample, or can be qualitative (Maurer 2011). There are two common 
detection methods: a very sequence-specific method using TaqMan probe, or a generic 
method using dyes such as SYBR green that bind to double-stranded DNA (Maurer 2011; 
Jia 2012). In probe assays, the dye contains a quencher molecule that interferes with 
fluorescence when the probe is not bound to the target. As the reaction proceeds, and the 
number of cycles progresses, fluorescence increases. Forward and reverse primers are 
used to target a specific gene sequence, and PCR results are considered to be positive if 
they result in amplicons (PCR products) of the anticipated size. Amplicons that are not 
the predicted size are called nonspecific amplicons. A melting curve is created to 
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distinguish if nonspecific amplicons were created during PCR. SYBR green binds to 
amplicons as they are created, with the signal intensifying with the creation of more 
amplicons. This signal eventually plateaus, producing a curve of fluorescence versus 
cycle number (Cq) (Maurer 2011). For quantification, serially diluted samples of known 
cell counts are used to create a standard curve (Jia 2012; Aquilanti et al. 2013).  
 The sensitivity of PCR depends on various factors, including the organism of 
interest, the matrix (e.g., humic acid found in soil can inhibit Taq polymerase), the target 
sequence, the primers used, and the volume constraints of PCR tests. The most sensitive 
test can detect a single cell in a sample volume of 1 to 10 μL, which translates to a 
detection limit of 1,000 cells/mL (Maurer 2011). Because PCR relies on enzymatic 
activity, the process is sensitive to inhibitors. There are various known inhibitors, many 
of which are organic molecules. Examples of known inhibitors include bile salts, urea, 
phenol, ethanol, polysaccharides, SDS (sodium dodecyl sulphate), humic acids, tannic 
acid, fulminic acids, melanin, collagen, myoglobin, immunoglobin G, and proteinases 
(Rosen et al. 1992; Rådström et al. 2004). Quantities as small as 0.1 ng of humic acid can 
inhibit polymerases activity necessary for qPCR (Tsai and Olson 1992; Schriewer et al. 
2011; Green and Field 2012). In addition to inhibiting PCR, suspended organics and 
sediment can interfere with the DNA extraction. 
 
1.4 Karst hydrogeology and mass transport 
 
1.4.1 General characteristics of karst 
Karst composes approximately 15% of the contiguous United States, with 40% of 
the terrain east of the Mississippi containing major karst areas (Veni et al. 2001). Karst 
landscapes are characterized by dissolution features such as sinkholes, caves, springs, and 
disappearing streams. Although typically found in regions underlain by limestone, karst 
can form in areas underlain by other types of soluble rock such as dolomite, marble, and 
evaporites, which will not be discussed in this study. Dissolution of CO2 in the 
atmosphere and soil creates acidic water, which flows through fractures and other 
openings, dissolving CaCO3 and widening void spaces. These enhanced voids promote 
turbulent water flow, which differs from laminar flow commonly found within clastic 
sediments and rocks. Turbulent flow can mobilize various particles, including particulate 
organic matter, inorganic particles, and microorganisms, particularly colloids (particles < 
1 μm) (Pronk et al. 2009). Solutes and particles can easily infiltrate during recharge 
(precipitation) events (Personné et al. 1998). Because of turbulent flow and a lack of 
filtration, karst environments are particularly vulnerable to contamination. Contaminants 
of concern include pathogens, but bacterial transport in karst is not well understood.  
The term epikarst refers to the active zone of transfer between weathering 
carbonate rock and the overlying soil. Epikarst is a highly heterogeneous environment in 
which water has a residence time of hours to years. This storage capacity is demonstrated 
in periods of drought, when cave streams still have water (Kogovsek and Urbanc 2007). 
Porosity can exceed 20%, compared to unweathered limestone, which has porosities 
closer to 2% (Ford and Williams 2007). Epikarst also acts as a reservoir for organic 
material derived from the soil. Fauna of epikarst is dominated by copepods, but includes 
terrestrial taxa, with spatial patchiness in populations (Pipan and Culver 2013). 
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Karstified limestone can be extremely heterogeneous and the geometry of flow 
paths is often unpredictable. Contributing to this complexity is the fact that flow can vary 
depending on precipitation magnitude and timing. Four factors significantly influence 
water flow and transport of substances through aquifers: 1) preceding hydrological 
conditions (wet/dry, precipitation), 2) injection mode (artificial flush or natural rain 
event), 3) infiltration conditions at surface (bare rock, overlying soil), and 4) permeability 
of the matrix and solution-enhanced flow paths (e.g. types of fissures) (Kogovsek and 
Petric 2014). Luhmann et al. (2012) suggest that flow path diameter is one of the most 
important parameters controlling transport in karst. 
  
1.4.2 Tracer experiments in karst 
Tracer experiments are common in karstic areas to confirm flow paths and times. 
Although bacteria were used as tracers as early as the 1890’s (Harvey 1997), the most 
common karst tracers are fluorescent dyes. In particular, sodium fluorescein (acid yellow 
73), rhodamine WT (acid red 388), sulforhodamine B (acid red 52), tinopal CBS-X 
(optical brightener), eosin-y (acid red 87), solophenyl (direct yellow 96), uranine, and 
pyranine are the most frequently used. Rhodamine WT is used by the EPA Science and 
Ecosystem Support Division as a groundwater tracer. J.C. Currens (Kentucky Geological 
Survey [KGS], personal communication, 2012) has stated that an “ideal” tracer would 
have the following characteristics: soluble in cold water, non-toxic, imperceptible 
downstream, inexpensive, easily detected at low concentrations, does not occur in the 
environment (either naturally or as a pollutant), does not degrade during the trace, does 
not absorb to the aquifer substrate, and does not have to be continually monitored. 
However, some of these characteristics do not apply to particulates. Latex microspheres, 
which differ in size, color, and surface properties, are common particulate tracers. 
Microspheres can be cost-prohibitive, depending on the quantity needed. Dyes and 
microspheres are not good proxies for bacterial and pathogen transport, as these common 
tracers do not exhibit the same surface properties and chemistries as microorganisms.  
Tracer tests can be used to determine discharge and conduit geometry of karst 
systems. Complex geometry and connectivity were observed in tracer tests performed by 
Kogovsek and Petric (2014). These long-term tests injected uranine, eosin, and NaCl over 
bare rock or soil above a cave gallery in Slovenia. Three cave drips were monitored, 
showing differing behaviors. Tracer arrived within 2 h at one drip, after 3 months at 
another, and only after significant rain events in the third. Storage of tracers was 
observed, with flushing of tracer occurring over 1 y after injection. Not only does this 
study demonstrate the complexity of connectivity within karst, but it indicates the 
significance of overlying layers that can act as filters and delay water flow and the 
resulting transport of substances.  
Depending on their properties, tracers can generate different breakthrough curves 
(BTCs) and experience differing transport and attenuation (Table 1.2). Magal et al. 
(2013) utilized uranine and LiCl under storm-flow and dry conditions to determine a 
pollution source. Lithium is considered to be a reactive tracer, as ion exchange occurs on 
the aquifer surface. Lithium showed retardation compared to the conservative tracer, and 
both tracers had lower recoveries in the trace conducted under dry conditions. Multi-
tracer experiments in Germany injected the conservative tracers uranine, acesulfame, 
carbamazepine and reactive compounds atenolol, caffeine, cyclamate, ibuprofen, and 
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paracetamol into a sinkhole 3 km from a spring. A pulse of turbidity was noted prior to 
the arrival of injected tracers, indicating a flushing of the sinkhole. Arrival times and 
recoveries varied between the tracers. The BTC for caffeine had longer tailing than that 
of uranine. Attenuation of the reactive compounds caffeine, paracetamol, atenolol, and 
ibuprofen was observed, indicating even low residence times within an aquifer can result 
in significant attenuation (Hillebrand et al. 2012, 2015). A multi-tracer test conducted by 
Luhmann et al. (2012) resulted in BTCs of uranine, chloride, and deuterium that were 
nearly identical and arrived after peaks in discharge and suspended sediment. 
Temperature was last of the tracers to peak and was damped due to heat exchange with 
aquifer material. Mudarra et al. (2014) used total organic carbon (TOC), NO3-, Cl-, 
intrinsic fluorescence, uranine, and eosin as groundwater tracers during high water 
conditions of a storm event in southern Spain. The more distal injection of uranine 
showed two small, poorly defined peaks compared to the BTC of eosin. Temperature and 
electrical conductivity decreased 10‒15 h after the storm, while arrival of uranine 
corresponded with another drop in temperature. Natural tracers (TOC, NO3-, Cl-, and 
intrinsic fluorescence) arrived at the spring 5‒12.5 h prior to the dyes. 
Low flow velocities can generate long tailing in BTCs, and could reflect laminar 
flow at margins of flow channels and flow through fractures and fissures, allowing 
diffusive interaction with immobile fluid regions (Lauber and Goldscheider 2014). 
Computer models often fail to account for long tailing often seen in BTCs. Sediments 
inside meanders or dead-end passages along conduits can cause areas of immobile flow, 
resulting in laminar flow boundaries and eddies where water is not immediately displaced 
by plug flow (Geyer et al. 2007).  
Tracers can be stored in the system for long periods. Lauber and Goldscheider 
(2014) detected uranine over 1 y after its injection into a cirque above a 1000 m-thick 
unsaturated zone. When examining tracers in two karst springs and underground rivers in 
SW Slovenia, Ravbar et al. (2012) saw moderate recovery of uranine, which had a first 
detection after the second intense rainfall and showed prolonged tailings with subsequent 
rain events, indicating storage in the vadose zone and remobilization. Drip water in a 
cave gallery contained detectable levels of uranine more than 3 y after injection and was 
found at depths of 40 cm within the soil more than 6 y after injection (Kogovsek and 
Petric 2014).  
 
1.4.3 Particulate tracer tests 
 Use of traditional solute tracers to assess potential movement of particulate 
contaminants could lead to significant underestimates of exposure to those contaminants 
(Champ and Schroeter 1988). Consequently, particulate tracers such as sediment and 
latex microspheres have been used in various studies. These have commonly shown that 
particulate tracers arrive with or prior to conservative dyes, depending on flow conditions 
(Atkinson et al. 1973). This is expected due to hydrodynamic chromatography and 
selective hydrodynamic dispersion (Becker et al. 2003).  
Mahler et al. (1998) explored use of micron-size montmorillonite particles labeled 
with lanthanides in both surface and subsurface karst environments in Texas. The surface 
flow test showed similar arrival times of clay particles compared to dye, but with 
significant loss due to settling. Recoveries were 21% at 15 m and 3% at 65 m from the 
injection site. The groundwater trace in a karst aquifer under normal flow conditions 
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showed a clay BTC with a similar peak that preceded the conservative tracer, while the 
tracer was not seen under low flow conditions, indicative of settling and storage. 
A study in the Swiss Jura Mountains examined particle-size distribution and 
sediment association with microbial contamination. Uranine, bromide, and a clay-loam 
suspension were injected in an area with 1‒2 m of soil and 30 m of fractured rock above a 
cave. Maximum concentration of particles preceded that of uranine by 26 min, with 
tailing of particles inversely proportional to particle size. The first turbidity signal 
occurred as particles stored in fractures were flushed through the system, while the 
second turbidity peak was associated with soil particles (Pronk et al. 2009). Goldscheider 
et al. (2008) also saw turbidity peak 25 min prior to dye in a trace utilizing uranine and a 
clay loam suspension in 30 m of unsaturated zone in the Swiss Jura Mountains.  
Goeppert and Goldscheider (2011) compared the transport of fluorescent dyes and 
1-µm microspheres over a distance of 1 km under high flow conditions in a carbonate 
conglomerate aquifer in the northern Alps. Uranine was the first tracer to arrive at the 
spring and had a recovery of 49%. The BTC had a steep rising limb and a short tail. 
Microspheres had a similar BTC with a recovery of 57% but were first detected 3 h after 
the dye. The peak concentrations of uranine and microspheres coincided in time. In a 
second trace, eosin and 1-μm microspheres had similar peak arrival times, with eosin 
detected first. Recovery rates were 78% for eosin and 5.1% for the microspheres.  
Göppert and Goldscheider (2008) studied transport of uranine, 1-µm 
microspheres, and 5-µm microspheres along a 2.5 km-long segment of a karst conduit in 
the Austro-German Alps. For a low-flow trace, uranine had a BTC with a regular shape 
and short tail; recovery was 98.5%. The 1-μm microspheres had an irregular BTC, with 
most microspheres arriving at the sample point after 65 h, and a recovery of 75%. The 5-
μm microspheres arrived at very low concentrations after 73 h; recovery was 48%. A 
high-flow trace again yielded a normal BTC and high recovery (99.8%) for uranine, 
whereas 1-µm microspheres exhibited a narrower BTC and a low recovery (42.1%).  
DNA molecules have been used as particulate tracers in both column experiments 
and field studies in karstified limestone aquifers < 2 km, along with KCl and fluorescein 
dye. The single-stranded DNA tracer (72 bp in length) exhibited nearly pure advective 
transport, while KCl exhibited dispersive behavior. DNA concentrations peaked prior to 
fluorescein, but did exhibit adsorption to crushed limestone (Aquilanti et al. 2013). 
 
1.4.4 Bacterial and bacteriophage transport 
Dissimilarity between transport behaviors of microorganisms and conservative 
tracers increases with physical heterogeneity of the aquifer, as observed for yeast 
traveling along preferred flow paths (Wood and Ehrlich 1978). Particulate tracers can 
also exhibit dissimilar behaviors compared to one another. Due to surface chemistries 
that differ from proxy particulate tracers, it is important to examine transport of 
microorganisms within laboratory column experiments and field studies.  
Movement of bacteria in porous media is influenced by cell properties. Growth on 
various media can result in differences in surface properties of E. coli isolates. Growth in 
manure resulted in cells exhibiting greater hydrophobicity, more negative zeta potential, 
and lower attachment efficiencies compared to cells grown in LB broth (Marcus et al. 
2012). Escherichia coli isolates thus exhibit differing transport behaviors (Bolster et al. 
2010). Attachment efficiencies can vary between isolates by a factor of ten, as seen in 
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soil and quartz sand columns (Foppen et al. 2009; Lutterodt et al. 2009), regardless of the 
growth phase of the bacteria (stationary vs. exponential) (Bolster et al. 2010). 
Escherichia coli isolates that contain genes for adherence (iha, agn43, fimH) have the 
highest attachment efficiencies. The population of isolates that contain these adherence 
genes can vary between precipitation events and dry weather, with dry periods having 
higher populations that contain the agn43 gene (Cook et al. 2011). Although some 
experiments have indicated that the Ag43 gene (part of the gene cluster agn43) can 
influence attachment efficiencies, Lutterodt et al. (2009) showed that the expression of 
this gene is insignificant at transport distances greater than 0.5 m.  
 Column studies have examined transport of various microorganisms through 
various rock and sediment types. Story et al. (1995) injected Agrobacterium radiobacter 
and KCl into tuff and sandstone cores. Bacterial recovery was 9.4‒54.7% for the differing 
varieties of tuff and 0.2‒2.9% for the Berea Sandstone. First detection of bacteria 
occurred prior to Cl-, but peak bacterial concentrations occurred after the maximum Cl- 
peak and bacteria exhibited long tailing. Bucci et al. (2015) conducted column tests using 
antibiotic resistant strains of E. coli, Enterococcus faecalis, Bacillus subtilis, and B. 
cereus. There was greater retention of E. coli compared to Enterococcus, which may have 
been due to preferential adsorption of E. coli to clay particles in the study soil. Bolster et 
al. (2006) showed that the fecal pathogen Campylobacter jejuni was more mobile than E. 
coli in saturated porous media. Attachment of near-neutral E. coli is greater on uncoated 
quartz sand, while organisms with greater charge, like C. jejuni, have a greater 
attachment to oxide-coated grains.  
Fecal coliforms have been used in groundwater traces since the 1930s, while E. 
coli use started in the 1980s (Harvey 1997). Many of the early studies utilizing bacteria 
used antibiotic-resistant strains. Champ and Schroeter (1988) examined bacterial 
transport in fractured crystalline rock. Escherichia coli and “non-reactive” particle tracers 
exhibited more rapid transport compared to inorganic and radioactive tracers. The first 
appearance of particulates was simultaneous with or slightly before conservative solute 
tracers. Bromide exhibited a longer tail than E. coli, which had a BTC one order of 
magnitude lower, showing lower recovery, and was flushed 2 d prior to bromide. 
Filtration of bacteria and particles was observed.  
Becker et al. (2003) examined transport of microspheres and bacteria of various 
shapes in fractured crystalline rock over a distance of 36 m. Bacteria and microspheres 
produced different BTC shapes, with bacteria generally arriving at sampling wells before 
microspheres. The shape of the bacteria influenced transport, with coccoid bacteria more 
readily transported that rod-shaped bacteria of the same size. Gram-negative bacteria also 
had higher recovery than Gram-positive bacteria of similar size. 
Orth et al. (1995) utilized wild-type E. coli K12 in addition to 1-µm polystyrene 
beads, pesticides, NO3-, and fluorescent dyes as tracers over a 200-m distance within a 
confined karst aquifer in Germany. Particles arrived prior to the solutes, with recoveries 
between 0.1 and 1%. The researchers stated that bacteria were quickly inactivated, but 
recoveries of bacterial cells could have been higher. Enumeration was based on living 
cells, not genetic markers, and cells could have been killed or weakened by other tracers 
utilized (e.g., terbuthylazine is a microbiocide).  
Sinreich et al. (2009) conducted a short-term tracer experiment in Swiss epikarst 
with solutes, bacteria, and microspheres. The epikarst was approximately 10 m thick and 
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was capped by a thin layer of soil. In < 6 h of sampling, shorter transport times were 
found for particulate tracers (Ralstonia eutropha H16 bacteria and 1-µm and 3-µm 
fluorescent polystyrene microspheres) compared to solutes, with solutes showing a more 
prolonged BTC than the R. eutropha (Fig. 1.2). Bacteria showed a higher recovery than 
the I- tracer. Microspheres arrived approximately the same time as bacteria, but had an 
earlier peak and a lower recovery (only 2% relative to the bacteria), indicating differences 
in attenuation among the three types of tracers. 
Ward (2008) compared the use of conservative solutes (rhodamine WT and Br-) 
with 1-μm latex microspheres and 15N-tagged wild-type E. coli. This trace was conducted 
over a 500-m lateral distance in the main conduit of the Blue Hole Spring basin in 
Versailles, Kentucky. Initial breakthrough of microspheres was concurrent with 
maximum dye concentrations, but microspheres were remobilized during subsequent 
storms (Fig. 1.3). 15N-tagged E. coli also exhibited breakthrough concurrent with the 
solutes, but the bacteria showed greater tailing and were not remobilized during 
subsequent storm events. 
 To approximate virus transport without risking human and animal health, 
bacteriophages (phages) are used. Phage transport was two orders of magnitude faster 
than the conservative tracer Br- in fractured clay (McKay et al. 1993). Maurice et al. 
(2010) examined three bacteriophages that were present in samples from 9‒102 h post-
injection in the Chalk aquifer of England. Flynn and Sinreich (2010) examined transport 
of two bacteriophage tracers (H40/1 and T7) with differing properties in an area of 
epikarst and thin organic soil. Tracers reached the sampling site 10 m away in less than 
30 min. More of the H40/1 phage (84%) and less of the T7 phage (17%) were recovered 
compared to the conservative solute I- (59%). BTCs for phages had steeply rising limbs 
with either a short tail (H40/1) or long tail (T7), which differed from the broad curve seen 
for I-. Despite rapid transport rates, epikarst is capable of viral filtration. 
 Field studies have shown that the transport properties of microbes are influenced 
by adhesion to sediment and particles, with increased adsorption to clay and particles 
smaller than 60 μm (Mahler et al. 2000; Jamieson et al. 2005; Pronk et al. 2007, 2009). 
Fries et al. (2006) examined partitioning of bacteria between particle-attached and free-
living cells in the water column of the Neuse River Estuary in North Carolina. Inputs of 
enterococcus and E. coli increased after storm events. The fraction of attached organisms 
was similar for wet and dry events, around 38±4%, and was within the range of 21 to 
77% as found by other studies (Stenstrom 1989; Characklis et al. 2005). 
Characklis et al. (2005) examined the partitioning behavior of several bacteria, 
protozoa, and viral indicators under storm and dry weather conditions in three urban 
streams. They found that the fraction of microbes associated with settleable particles 
differed depending on the type of microorganism. Bacterial indicators such as E. coli 
showed consistent behavior, with 20‒35% of cells attaching to settleable particles in dry-
weather conditions and 30‒55% of cells attaching in storm conditions. Clostridium 
perfringens showed the highest attachment, 50‒70% in storm samples. There was greater 
variability among storm samples. 
Pathogens, fecal indicator organisms, and particulate transport through a reservoir 
were examined after a storm event in Australia (Brookes et al. 2005). Cryptosporidium 
showed a weak correlation with turbidity. Cryptosporidium spp. oocysts were associated 
with small particles (14.3‒27.7 μm), while fecal indicators and pathogens were associated 
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with particles > 63.3 μm. Clostridium perfringens was associated with particles ranging 
in size from 45.5‒63.3 μm. Transport of Cryptosporidium spp. was most similar to 
Giardia spp.  Clostridium perfringens spores and Enterococci concentrations were most 
similar to Cryptosporidium spp. oocysts. The most similar transport was seen between E. 
coli and Enterococci (Brookes et al. 2005).  
 
1.4.5 Chemical parameters influencing particulate transport 
Microbial transport is influenced by fluid chemistry, including parameters such as 
ionic strength, pH, and solute composition. The thickness of the double layer around a 
microorganism or other particle increases with decreasing ionic strength, which should 
result in decreasing attachment (Bolster et al. 2006). Schinner et al. (2010) examined the 
transport behavior of five waterborne pathogens at various ionic strengths. Both Gram-
negative (E. coli O157:H7 and Yersinia enterocolitica) and Gram-positive (Enterococcus 
faecalis) organisms were used, in addition to cyanobacteria (Microcystis aeruginosa and 
Anabaena flos-aquae), all of which had different attachment efficiencies. Transport of E. 
coli and E. faecalis was studied through soil cores of loamy sand. Because these 
microorganisms are negatively charged over most of the pH scale, they had a less 
negative zeta potential (velocity of particles in relation to an applied electric field) in 
higher ionic strength solution due to compression of the diffuse layer around the cell.  
Zeta potential can be measured and related to electrophoretic mobility (EPM), 
which is an indirect measurement of a particle’s surface charge. As the electrical potential 
of a particle increases, the EPM increases. The EPM of E. coli O157:H7 differs from the 
EPM of other E. coli strains (Lytle et al. 1999), as seen in Table 1.3 and Fig. 1.4. For 
bacterial concentrations > 1 × 105 cells/mL, EPMs of wild-type E. coli ranged from -0.82 
to -1.94 μm cm V-1 s-1, with an average of -1.38 μm cm V-1 s-1. E. coli O157:H7 was 
more positive, with an average EPM of -0.36 μm cm V-1 s-1. EPM of wild-type E. coli 
increased with ionic strength of the solution, but O157:H7 was not influenced by ionic 
strength. EPMs appeared to be independent of pH at pH > 5. Rough and smooth strains of 
E. coli may behave differently for pH of 4‒7, with capsulated strains exhibiting more 
negative charges than non-capsulated strains. Transport is also affected by cell 
hydrophobicity, size, geometry, surface charge, and mobility, which are commonly 
correlated (Bolster et al. 2006). 
The presence of humic acid in aqueous solution has been known to decrease 
attachment of E. coli to coated sands. Natural organic matter (NOM) increases transport 
of microorganisms through quartz sand regardless of cell type, motility, presence of EPS, 
or ionic strength of the solution, but does not alter the zeta potential of the organisms. 
Breakthrough plateaus were higher in samples that contained NOM than those without. 
The decrease in microbial attachment, regardless of ionic strength of the solution, is 
thought to be a result of NOM competing with the microbes for deposition/attachment 
sites on settleable particles (Yang et al. 2012). 
The type of media through which microorganisms are transported influences 
transport and attenuation behavior. In general, negatively charged microorganisms will 
exhibit greater adhesion to media coated with metal oxides, which tend to have a positive 
charge at typical groundwater pH values. Various media resulted in differing recoveries 
of E. coli, implying differing adhesion capabilities (Bolster et al. 2006). Importance of 
aquifer material was also illustrated by Foppen and Schijven (2005), who explored 
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transport of low concentrations of E. coli (103 ‒ 104 cells/mL) through columns of 
various sediment types. Calcite grains (derived from samples of marble) were considered 
to be favorable for attachment because they are positively charged in solutions with pH < 
9.5‒10.8. Grain surface roughness can also contribute to sticking efficiency of 
microorganisms. A separate study showed that attachment efficiencies for E. coli and E. 
faecalis were lower in soil than quartz sand. Different microorganisms behaved 
differently in the same media: 14% of E. coli O157:H7 were retained in the soil column, 
versus 53% of E. faecalis cells (Schinner et al. 2010). Interaction with media in the 
vadose and saturated zones can also result in various effects such as straining, predation, 
and die-off. 
Presence of biofilms on the media surface can influence bacterial transport and 
attenuation. Sinreich et al. (2009) showed that R. eutropha was less mobile in columns of 
uncoated limestone gravel than in gravel that had a 1-year biofilm growth on it. This is 
likely due to the fact that biofilms may be hydrophobic, inhibiting the adsorption of some 
bacteria. In contrast to R. eutropha, latex microspheres were attenuated within biofilm-
coated gravel. These results differ from those of Wang et al. (2011), who found that 
retention of E. coli O157:H7 was approximately 9% in clean sand, and increased to 47% 
in the presence of biofilm. Differences in these studies suggest the need to understand 
surface properties of indicator organisms such as the various isolates of E. coli, before 
assumptions can be made about transport and attenuation. 
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Table 1.1: Waterborne and water-washed diseases derived from fecal-oral pathways and 
their health effects (altered from Mara and Feachem 2003). 
 
Viral 
Hepatitis A Fever, nausea, abdominal pain, anorexia and 
malaise, diarrhea, inflammation of liver, 
necrosis, sclera icterus 
Hepatitis E 
Hepatitis F 
Poliomyelitis Weakness, joint and muscle pain, fatigue 
Rotaviral diarrhea Vomiting, diarrhea, fever, dehydration 
Adenoviral diarrhea 
Inflammation of the stomach and intestines, 
watery diarrhea, vomiting, fever, abdominal 
cramps 
Bacterial 
Campylobacteriosis 
Diarrhea, vomiting, fever, muscle pain, 
abdominal pain, fatigue, Guillain-Barre 
syndrome 
Cholera Profuse diarrhea, vomiting, muscle cramps 
Helicobacter pylori 
infection 
Diarrhea, peptic and duodenal ulcer  
Escherichia coli infection Diarrhea, hemolytic uremic syndrome 
Salmonellosis Diarrhea, fever, abdominal cramps 
Typhoid Fever, headache, abdominal pain, diarrhea 
Paratyphoid Fever, headache, abdominal pain, diarrhea 
Yersiniosis Fever, abdominal pain, dysentery, joint pain 
Protozoan 
Amoebiasis Dysentery, gas, abdominal pain, fever 
Cryptosporidiasis Diarrhea, fluid loss, fever, abdominal pain 
Cyclospora cayetanensis 
diarrhea 
Diarrhea, fatigue, anorexia, nausea 
Enterocytozoon bienusi 
diarrhea  
Diarrhea, malabsorption 
Giardiasis Abdominal cramps, nausea, watery diarrhea, gas, greasy stools, sulfur burps 
Isospora belli diarrhea Watery diarrhea 
Helminthic 
Ascariasis 
Persistent cough, wheezing, nausea, vomiting, 
abdominal pain, diarrhea or bloody stool, weight 
loss, fatigue 
Enterobiasis Itching, restlessness 
Hymenolepiasis Diarrhea, itching, loss of appetite, weakness 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1.2: Selected tracer studies conducted in karst environments. 
 
Location Tracer Used Distance Time to Leading 
Edge 
Time to Max. 
Conc. 
Recovery Summary Reference 
Texas, 
USA 
Rhodamine WT: 50 
mL,  
Powdered silica: 6 
kg,  
Montmorillonite 
labeled with Ce or 
Nd: 900‒1100 mL 
219 m Sed.: 43 min, 
Rhod.: 54 min,  
Silica: 89 min 
Rhod.: 94 min 
Sed.: 89 min  
Rhod.: 2.5%,  
Sed.: 0.9% 
Sediment 
settled/went into 
storage during low 
and normal flow 
conditions. 
Mahler et al. 
1998 
Germany 750 g uranine, 750 g 
sulforhodamine G, 
1.5 kg tinopal CBS 
3 km Uranine: “first” 
Sulfo.: 25 min 
Tinopal: 45 min 
 Uranine: 72%, 
sulforhodamine G: 
41%, Tinopal CBS-
X: 46% 
Modeling was 
inadequate to 
account for tailing 
seen in the field 
study. 
Geyer et al. 
2007 
Austria/ 
Germany 
Uranine: 200 g 
1-µm microspheres: 
9.1 × 1010 
5-µm microspheres: 
3.2 × 109 
 
2.5 km Low flow: 
Uranine: 66.4 h 
1-µm: 65.4 h 
5-µm: 73 h 
High flow: 
Uranine: 12.8 h 
1-µm: 11.5 h 
Low flow: 
Uran.: 98.3 h 
1-µm: 83.4 h 
5-µm: 73 h 
High flow: 
Uran.: 17.3 h 
1-µm: 17.5 h 
Low flow: 
Uranine: 98.5% 
1-µm: 75.1% 
5-µm: 27% 
High flow: 
Uranine: 99.8% 
1-µm: 42.1 
During low flow 
conditions 
particulates preceded 
solute, while timing 
and BTCs were more 
similar during high 
flow conditions. 
Göppert and 
Goldsheider 
2008 
Kentucky, 
USA 
Rhodamine WT: 
200 mL 
NaBr: 7 kg 
1-µm microspheres: 
1.87 × 1010 
15N-enriched E. coli: 
7.71 × 1012  
500 m  Rhod.: 0.75 h 
Br-: 0.75 h 
Microspheres: 
1.08 h 
E. coli: 0.75 h 
Rhod.: 0.92 h 
Br-: 0.92 h 
Microspheres: 
1.75 h  
E. coli: 1.08 h 
 
 
Rhod.: 80‒82% 
Br-: 28‒30% 
Microspheres: 30% 
E. coli: 40% 
Under storm flow, 
solutes arrived 
and/or peaked prior 
to particulates. 
Microspheres were 
remobilized during 
subsequent storms. 
Ward 2008 
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Table 1.2 (continued) 
Switzer-
land 
300 g bromide,  
518 mg uranine,  
3.6 L clay-loam 
suspension 
30 m 1.1 h for both 
uranine and 
particles 
 
Particles: 1.7 h 
Uranine: 2.1 h 
 
Uranine: 22%  
Bromide: 39% 
Particle recovery 
decreased with 
increasing size: 
16.5%, 1.3%, 0.4%, 
0.2%, 0.1% 
E. coli peaked prior 
to bromide or 
uranine. E. coli and 
Enterococci 
correlated with 0.9-
1.5 µm particles. 
Pronk et al. 
2009 
Switzer-
land 
Iodide, 
Ralstonia eutropha, 
1-µm polystyrene 
microspheres  
10 m R. eutropha: 10 
min 
Microspheres: ~ 
10 min 
R. eutropha: 
30‒60 min 
Microspheres: 
< 30‒60 min 
Microspheres: 2% 
of R. eutropha 
Iodide:<particulates 
Attenuation of 
bacteria different 
than microspheres 
despite similar 
shaped BTCs. 
Sinreich et al. 
2009 
Switzer-
land 
104- 106 pfu/mL 
H40/1 or T7 
bacteriophage,   
iodide 
10 m 8 min T7 arrived 
earlier than 
H40/1, both of 
which were 
earlier than 
iodide.  
H40/1: 84% 
T7: 17% 
Iodide: 59% 
Phage BTCs had 
steep rising limbs. 
Tailing was long for 
T7 and short for 
H40/1. Curves were 
broadened in 
prolonged (vs. 
pulse) injection.  
Flynn and 
Sinreich 2010 
England 3 bacteriophages 
that infect either 
Serratia 
marcescens, 
Enterobacter 
cloacae, or Phix 74, 
fluorescent dyes 
>1.5 km S. marcescens: 9 
h‒2 d, 
depending on 
sampling site 
Not discussed Dyes: 21‒35%,  
Phix 74: 0.87%, 
S. marcescens 
phage: <0.00005%  
and 0.000007% 
Phix 74 phage had a 
BTC similar to dyes, 
but with lower 
recovery. Other 
tracers were not 
detected (including 
optical brightener). 
Maurice et al. 
2010 
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Table 1.2 (continued) 
Germany 150 g uranine, 
223 g eosin, 
4.55 × 1011 1-µm 
YG microspheres,  
4.32 × 1011 1-µm 
red microspheres 
Two 
traces, 
each  
1 km 
Uranine: 5 h 
YG micro: 8.3 h 
Eosin: 5.4 h 
R micro: 6.8 h 
Uranine: 8.3 h 
Y micro: 8.3 h 
Eosin: 7.8 h 
R micro: 7.8 h 
Uranine: 49% 
YG micro.: 57% 
Eosin: 78%  
Red micro.: 5.1% 
Recoveries 
depended on flow 
path. Particles 
moved similarly to 
solutes under high-
flow conditions.  
Goeppert and 
Goldscheider 
2011 
Germany 30 g caffeine,  
500 g uranine 
3 km ~ 75 h for both 
uranine and 
caffeine 
~ 85 h for both 
uranine and 
caffeine 
Uranine: 49% 
Caffeine: 27%  
Caffeine was 
considered to be 
more reactive and 
exhibited greater 
tailing. 
Hillebrand et 
al. 2012 
Minne-
sota, USA 
32.91 kg salt,  
200.82 g 2H oxide,  
5.131 g uranine,  
thermal (pool 
heated)  
95 m Discharge: 4.5 
min,  
Suspended 
sed.:13.5 min, 
Uranine: 18 
min,  
Chloride: 18.03 
min,  
δD 19 min, 
Temp.: 19.08 
min  
Discharge: 
13.66 min, 
suspended 
sed.: 24.5 min, 
uranine: 28 
min, chloride: 
28.5 min., δD 
28.5 min, 
temp.: 32.58 
min 
Uranine: 66%,  
Salt: 78%,  
Temperature: 54% 
Discharge peaked 
first, followed by 
suspended sediment, 
then nearly identical 
peaks for uranine, 
chloride, and δD. 
Temperature was 
last to peak. BTCs 
of uranine, chloride, 
and δD were nearly 
identical. 
Luhmann et 
al. 2012 
Slovenia Uranine: 500 g 
(injected into 
karren), 
Amidorhodamine G: 
500 g,  
Naphthionate: 2000 g  
3.4‒6.1 
km 
Uranine: 30 d 
Ami.: not listed 
Naph.: 26 d 
Uranine: 37 d 
Ami. G: 21 d 
Naph.: 39 d 
Uranine: 50%, 
Ami. G: 80%, 
Napth.: ~ 99% 
Uranine had 
prolonged tailing 
and was remobilized 
after rain events. 
Low flow conditions 
can cause 
retardation of tracers 
for several weeks. 
Ravbar et al. 
2012 
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Table 1.2 (continued) 
Israel Uranine: 8 kg  
Lithium chloride: 6‒
10 kg  
7 
different 
springs 
Trace 1: 
6.7 km 
Trace 2: 
9‒14.5 
km 
Trace 1: 
Uranine: 58 h 
Li: ~ 64 h 
 
Trace 2: 
Uranine: 67 h 
 
Trace 1: 
Uranine: 73 h, 
Lithium: 90 h  
Trace 2: 
Uranine: 80‒
112 h  
Lithium: 92‒
retarded by 12 
h 
Trace 1: uranine: 
61%, Li: 18% 
Trace 2: uranine: 
4.2-9.9%, Li: 
<0.001% 
Trace 1 under storm 
flow, Trace 2 under 
dry conditions 
showed lower 
recovery and greater 
storage/reaction with 
aquifer material 
Magal et al. 
2013 
Slovenia 60 g uranine (1993), 
15 g uranine (1996), 
60 g eosin (2002),  
15 kg sodium 
chloride 
95 m 1993: 75 h 
1996:  
Drip I: 21 h 
Drip J: 43 h 
Drip L: 30 h  
1993: 75 h 1993: 2.2% 
1996: 0.2% 
2002: <0.0001% 
surface application 
and 0.05% cesspool 
Dyes took various 
pathways to get to 
the three cave drips, 
appearing soon after 
the trace, 3 months 
after injection, or 
only after significant 
rainfall. Dye was 
above detection 
limits for 3 y. 
 
Kogovsek and 
Petric 2014 
Germany 4 kg uranine,  
2 kg uranine, 
18O natural tracer 
2‒2.8 
km 
44 h, 193 h  260 h or 335 h 
(depending on 
location) 
0.3‒16%, 
0.9‒13% 
Long tailing seen in 
BTCs. Uranine was 
detected 1 y later. 
 
 
 
 
Lauber and 
Goldscheider 
2014 
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Table 1.2 (continued) 
Germany Trace 1:  
Uranine: 100 g,    
Sulforhodamine G: 
200 g 
Trace 2:  
Uranine: 1500 g into 
vertical shaft,   
Sulforhodamine G: 
1500 g into a doline 
Trace 1: 
~ 2.5 km 
 
Trace 2: 
Uranine: 
10 km 
Sulf.: 19 
km 
Trace 1: 
Uranine: 41 h 
Sulfo.: 25.6 h 
 
Trace 2: 
Uranine: 153 h 
Sulfo.: 357 h 
Trace 1: 
Uranine: 52% 
Sulfo.: 79% 
 
Trace 2: 
Uranine: 63%  
Sulfo.: 5% 
Trace1:  
Uranine: 52%,   
Sulfo. G: 79% 
 
Trace 2:  
Uranine: 63%,    
Sulfo. G: 5% 
BTCs were 
symmetrical with 
short tails. There 
was a strong 
secondary peak for 
sulforhodamine G in 
trace 2. 
Lauber et al. 
2014 
Spain 3 kg uranine,  
2 kg eosin,  
TOC, NO3-, Cl-, 
intrinsic 
fluorescence 
Uran.: 
6.6 km, 
Eos.: 
3.25 km  
Uranine: 27 h 
Eosin: 17 h 
Others: 5‒12.5 h 
before dye 
Uran.: 30.35 h 
Eosin: 22.5 h 
Uranine: 71%, 
Eosin: 21% 
Natural tracers 
arrived at the spring 
prior to dyes. 
Mudarra et al. 
2014 
Germany 700 g uranine,  
24.3 g acesulfame,  
30 g atenolol,  
30 g caffeine,  
10 g carbamazepine, 
26.7 g cyclamate, 30 
g ibuprofen,  
30 g paracetamol 
3 km ~ 50 h for 
tracers listed 
(excluding 
uranine [not 
shown]) 
~ 62 h for 
tracers listed 
(excluding 
uranine [not 
shown]) 
uranine: 66.2%,  
ace.: 67.8%,  
ate.: 30.6%,  
caf.: 41.1%,  
car.: 61.2%,  
cyc.: 63.8%,  
ibu.: 31.3%,  
par.: 17.6% 
Increased turbidity 
arrived prior to 
tracers. Tracer 
attenuation was 
ranked as 
paracetamol > 
atenolol = ibuprofen 
> caffeine >> 
cyclamate. 
Hillebrand et 
al. 2015 
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Table 1.3: Electrophoretic mobilities for various isolates of E. coli (Lytle et al. 1999). 
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Figure 1.1: Solute tracers showed a more prolonged breakthrough compared to 
microspheres or Ralstonia eutropha bacteria in Swiss epikarst (Sinreich et al. 2009). 
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Figure 1.2: Location of O, H, and K antigens on an E. coli cell (Linggood and Porter 
1980).  
 
 
 
 
 
 
Figure 1.3: Breakthrough curves for a storm event trace in the Blue Hole Spring basin, 
Versailles, Kentucky (Ward 2008). 
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Figure 1.4: Electrophoretic mobility of O157:H7 E. coli differs from wild-type strains of 
E. coli in 9.15 mM KH2PO4 buffer (Lytle et al. 2002). 
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CHAPTER 2: MOBILITY OF SOLUTE, MICROSPHERES, AND TWO ISOLATES 
OF E. COLI IN EPIKARST, SOUTH-CENTRAL KENTUCKY 
 
2.1 Introduction 
 Karst environments comprise 10-15% of Earth’s surface (Palmer 2007). The 
highly heterogeneous zone of transfer between weathered rock and the overlying soil in 
the uppermost layer of these environments is known as epikarst, also called the 
subcutaneous zone. Epikarst is structurally different from the underlying rock mass, 
containing a higher degree of fissures and diffuse karstification due to weathering and 
dissolution processes (Klimchouk 2000). Porosity commonly exceeds 20%, compared to 
< 2% in unweathered bedrock (Ford and Williams 2007). Epikarst can be up to tens of 
meters thick, with fissures that diminish in extent and frequency with increasing depth 
(Williams 1983; Aley 1997; Klimchouk 2000; Ford and Williams 2007). Fissures that 
diminish with depth alter the flow paths of water and contaminants, and flow is focused 
along a few major fissures at the base of the epikarst (Klimchouk 2000). 
The heterogeneity of epikarst creates an extremely complex environment for 
water and contaminant storage. Epikarst is irregular in area (Klimchouk 2000), and can 
vary in development and hydraulic conductivity. Epikarst intensity can range from 1 to 
50% and is a function of the percent bedrock removed by dissolution (Aley 1997). 
Sediment may or may not fill voids, and these fills can contain differing permeabilities. 
Based on hydrology, there are three major types of epikarst zones: rapid-draining, 
seasonally saturated, and perennially saturated. Rapid-draining zones have little storage 
capacity and are typically saturated only for a few hours after a storm event. Seasonally 
saturated zones typically have voids that are filled with sediment, but can contain air-
filled voids. Water from major precipitation events can be stored for weeks or months. 
Seasonally saturated zones are common in humid areas of moderate relief. Perennially 
saturated zones are found in humid areas of low to moderate relief. Thick epikarst areas 
can contain more than one zone (Aley 1997).  
 Water and contaminants can be stored in epikarst for considerable periods of time 
(White 1988; Aley 1997). The storage capacity of epikarst depends on maturity 
(Klimchouk 2000) and is controlled by its thickness, average porosity, and the relative 
rates of flow in and out (Ford and Williams 2007). In addition to the storage capacity of 
the epikarst itself, overlying soil (or soil that has worked its way into fissures) can have a 
large storage capacity, as seen in recommendations that dye traces that cannot inject 
directly on top of epikarst (i.e., that encounter soil cover) should use 2‒10 times more dye 
(Aley 1997). Pasquarell and Boyer (1995) noted that bacteria are thought to be stored in 
soil above epikarst during dry periods and transported to groundwater during wet/storm 
periods. Consequently, epikarst and overlying soil could remain as secondary sources of 
contamination weeks or months after the original contaminant source is removed. 
Because of the complexity of epikarst environments and their ability to influence water 
quality, it is important to understand how the transport of biological particulates such as 
pathogens could compare to more traditional groundwater tracers (rhodamine WT [RWT] 
dye and fluorescent microspheres), as bacteria do not exhibit the same surface 
chemistries as common groundwater tracers.  
The objective of this study was to evaluate transport and attenuation of two 
isolates of Escherichia coli with differing surface characteristics within epikarst in the 
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Western Pennyroyal karst region of south-central Kentucky. It was hypothesized that: 1) 
E. coli would exhibit different transport behavior than fluorescent dye or microspheres; 
2) dye would arrive prior to particulate tracers; and 3) the two isolates of E. coli would 
have differing transport properties, with the isolate containing the iha gene showing 
greater adhesion, and therefore slower transport times, than the isolate containing the kps 
gene. 
 
2.2 Study area 
The Western Pennyroyal karst region of Kentucky consists of thick layers of 
relatively pure limestone, which dip towards major streams. High rainfall combined with 
limestone that is protected from surface erosion by insoluble sandstone caprock helps to 
create the ideal conditions for karst topography in this region, which is home to 
Mammoth Cave (Fig. 2.1) (Palmer 1981; Meiman and Palmer 2009). South-central 
Kentucky has a humid-subtropical climate. Annual precipitation in the area is 
approximately 130 cm, with an annual average high of 21°C and an annual average low 
of 8°C (monthly climatological normal 1981-2010 for Bowling Green [Kentucky Climate 
Center, Western Kentucky University [WKU], 
www.kyclimate.org/normals/USW00093808.html]).  
Epikarst in the region exhibits spatial and temporal variations in flow, and storage 
and mixing within the vadose zone are significant (Groves et al. 2005). Large horizontal 
caverns are in Mississippian-age St. Louis Limestone (Fig. 2.2), with cave floors 
approximately 25 m beneath the surface. The Lost River Chert is a discontinuous layer 
within the St. Louis Limestone that lies between ground surface and the caves (Groves et 
al. 2005) and influences movement of water in the area (Meiman and Palmer 2009). 
Water typically enters caves as perennial or intermittent streams or waterfalls. In general, 
the water table is 50 m below the surface, with many areas of perched water.  
Crumps Cave (formerly Cave Spring Caverns), located beneath the Sinkhole Plain 
near Smiths Grove (Figs. 2.3 and 2.4), underlies well-developed epikarst. The size of the 
cave suggests a large drainage basin that is not present today (Meiman and Palmer 2009), 
but formed as a result of down-cutting in response to the fluctuation of base level during 
the Pleistocene. The cave lies within the Graham Springs groundwater basin, which 
discharges at Wilkins Bluehole on the Barren River (Ray and Currens 1998). Dye traces 
needed to delineate exact flow paths for the calculation of the catchment area of the cave 
have been problematic because of difficulty obtaining access to properties in the area. 
The estimated area that drains directly to Waterfall 1 (Fig. 2.5) is ~ 0.8 ha (C. Groves and 
J. Polk, WKU, personal communication 2012). The soil above the cave site is ~ 3 m thick 
and, along with the epikarst, has significant storage capacity. As of May 2016, eosin dye 
was detectable at Waterfall 1 from tracer studies conducted in 2013 (J. Polk, WKU, 
personal communication, 2015). Soils in the catchment include the Baxter gravelly silt 
loam and Crider silt loam (Web Soil Survey, www.nrcs.usda.gov, 2016). Land use in the 
catchment is agricultural, with farmers growing corn and soybeans or grazing cattle. 
Application of manure and atrazine are common at various times each year, particularly 
in February and March. Bacteria and solutes are inferred to move primarily downward 
through soil to the epikarst and then to the cave. 
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2.3 Methods 
 
2.3.1 Escherichia coli isolate selection 
 Two isolates from the USDA Animal Waste Management Research Unit 
(AWMRU) in Bowling Green, Kentucky, were used in this study. Isolates were taken 
from swine slurry on a Western Kentucky farm in 2008 and 2009 via methods in Bolster 
et al. (2010). Isolates S1 and S10 were selected for use from that study. In previous 
studies by Cook et al. (2011), isolate S1 was found to have high attachment efficiency 
(0.510) in columns of uncoated quartz sand. S1 isolates contain the iha gene. S10 isolates 
were found to have low attachment efficiency (0.024) and contain the kps gene. 
Attachment efficiencies are unitless, with 1 being the highest attachment possible. 
 Escherichia coli isolates were sent to the Penn State E. coli Reference Center 
(University Park, PA) for typing to confirm non-virulence testing done by the AWMRU 
via PCR methods. Methods used by the E. coli Reference Center followed those of 
Ørskov et al. (1977) and Machado et al. (2000). Isolates were found to be negative for 
toxin production (LT, STa, STb, Stx1, Stx2) and intimin (eae), but did contain O antigens 
(Table 2.1). While some O groups are considered to be more pathogenic than others, 
presence of O antigens alone does not indicate that an isolate is pathogenic (C. Debroy, 
E. coli Reference Center, 2013, personal communication).  
 
2.3.2 qPCR and primer design 
Quantitative polymerase chain reaction (qPCR), also known as real-time PCR, is 
a method that detects amplification of DNA using fluorescent signals in real time as PCR 
progresses (Jia 2012). TaqMan probe and SYBR green are two assays commonly used. 
As the PCR reaction proceeds, and the number of cycles progresses, fluorescence 
increases. Forward and reverse primers are used to target a specific gene sequence, and 
PCR results are considered to be positive if they result in amplicons of the anticipated 
size, which can be confirmed through examination of a melting curve. Quantification is 
possible by comparing cycle number values (Cq) of samples to the Cq of serially diluted 
samples of known cell counts (standards) (Jia 2012, Aquilanti et al. 2013).  
 Primer design was conducted in-house at the AWMRU based on iha and kpsMTII 
sequences as discussed in Chapman et al. (2006). The iha primer set was designed to give 
a product of 134 base pairs (bp), while the kps primer set was designed to produce a 
product 102 bp in length. These moderately short products reduced the PCR run time. 
Primer sequences designed for use with SYBR assays can be seen in Table 2.2. 
 
2.3.3 Tracer preparation 
For preparation of E. coli isolates, tryptic soy broth was inoculated with the 
isolate of choice and incubated on a shaker table at 37˚C overnight. Bacteria were 
centrifuged (Sorvall Legend RT+ Centrifuge, Thermo Fisher Scientific) at 3500 rpm for 9 
min to remove them from the tryptic soy broth. Pellets were resuspended and rinsed with 
HACH dilution buffer. This was repeated three times to ensure growth media was rinsed 
from cells. Cells were then resuspended in M9 media (Appendix A) and incubated on a 
shaker table at 37˚C for 6 d, after which M9 growths were centrifuged and rinsed with 
HACH dilution buffer to ensure that no media adhered to the cells. Cells were 
resuspended in aliquots of sterilized Crumps Cave water from Waterfall 1. S10 produced 
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a larger pellet at both stages of centrifugation and the supernatant was less turbid than 
samples containing the S1 isolate.  
Aliquots of each bacterial suspension (500 mL) were taken to WKU, where 
tracers were stored in the dark at 4˚C until a rain storm of appropriate size (> 0.5 mm) 
was predicted for Smiths Grove. Other tracers provided at this time included 550 mL of 
20% RWT (130.9 g active ingredient) and 1.1 mL of yellow-green microspheres 
(Fluoresbrite®, Polysciences, Inc., Warrington, PA) suspended in 200 mL of deionized 
water (~ 5.0 × 1010 microspheres).   
 
2.3.4 Tracer injection and sampling 
Storms of various magnitudes had occurred in the watershed for several weeks 
prior to the tracer injection, totaling 80 mm in 1 month, saturating and, thus, priming the 
system prior to injection of tracers. A storm of the target magnitude occurred on May 16, 
2015, whereupon WKU colleagues started the tracer test at 11:00 am local time. 
A hole had been augered to the top of rock (~ 0.6 m deep) at the injection site so 
that transport through the epikarst could be evaluated without attenuation in the soil zone. 
A fresh charcoal dye receptor (bug) was put in place at Waterfall 1 prior to starting the 
injection (10:20 local time). Aliquots of bacteria were sampled before the slug was 
mixed. RWT, microspheres, and the bacterial suspensions were combined with 7.5 L of 
distilled water into one slug and poured into the hole at 11:15. In addition to natural 
rainfall, the hole was flushed with 7.5 L of distilled water over the course of 2 h. 
Quantities of bacteria injected were found to be 4.15 ×1011 cells for the iha isolate and 
1.87 × 1011 cells for the kps isolate using IDEXX quantification (IDEXX Laboratories, 
Westbrook, ME). These values are similar to the starting concentrations found using 
qPCR (3.14 × 1011 and 3.4 × 1011 cells, respectively). The rain event diminished by 
12:00, with a total of 23 mm of rain. 
Samples were taken manually for the first 11 h after the injection by submerging 
sterile, 1-L polypropylene bottles into the discharge bucket of Waterfall 1 so that no head 
space was present within the bottles. Samples were then put on ice until being transported 
back to the University of Kentucky (UK) for processing. Sampling began at 11:00, just 
prior to tracer injection, and continued for approximately 109 d. Two liters were collected 
at each sampling time. Sampling intervals were as follows: 15-min for the first 10.75 h, 
hourly for the next 42 h, 2-h for the next 44 h, 4-h for the following 142 h, 8-h for the 
next 72 h, 12-h for the following 144 h, daily for the following 55 d, and weekly for the 
remainder of sampling. 
 As time between samples increased, samples were collected using ISCO 
automated samplers (Model 2200, ISCO, Lincoln, NE). ISCO sampling began at 22:00 
on May 16. Due to the limited number of ISCO bottles available at WKU, samples from 
the ISCO samplers were transferred to sterile 1-L bottles to be taken back to UK for 
processing. Weekly samples, including background, were taken manually by submerging 
sterile bottles into the discharge bucket, as described for 15-min resolution samples. 
Charcoal bugs were deployed at various sites within the cave where water flows or pools 
and were changed at various times throughout the sampling campaign to check for the 
presence of dye.  
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2.3.5 Analysis 
 Dye analysis was performed at the Kentucky Geological Survey (KGS). Visual 
confirmation of the dye in Waterfall 1 occurred approximately 14:00 on May 16.  Dye 
was analyzed first upon arrival at UK laboratories. Small aliquots (< 10 mL) of samples 
were poured into cuvettes and analyzed on a Varian Cary Eclipse fluorescence 
spectrophotometer (Agilent Technologies, Santa Clara, CA). Calibration curves were 
created with dilutions that had previously been made at KGS.   
Bugs were rinsed with deionized water and allowed to dry in an oven overnight. 
Afterward, the charcoal was eluted for at least 1 h in ~ 15 mL of Smart Solution (a 5:2:3 
mixture of 1-propanol, ammonium hydroxide, and deionized water) before samples were 
analyzed in the spectrophotometer. The broad scan function can detect a range of dyes, 
and some peaks that could represent eosin (used in large quantities in previous studies at 
the site) or sulforhodamine B were seen in some samples in the cave.  
 Particulate tracer samples were processed as soon as possible upon return to UK. 
For analysis of microspheres, samples were shaken and approximately 250 mL was 
filtered onto black gridded cellulose nitrate filters (0.65-μm pore size). Filters were 
placed on glass slides and covered with a cover slip. Microspheres were counted under 
20× magnification on an epifluorescent microscope (Nikon) under the GFP filter 
(excitation wavelength 436 nm, emission wavelength 480 nm). To check for the presence 
of E. coli, samples were shaken and 1 mL was plated onto EMB agar. Plates were 
incubated at 35˚C for 24 h and checked for presence of metallic green colonies. For 
molecular analysis, shaken samples were concentrated on polycarbonate filters (0.4-μm 
pore size) under vacuum and placed in microcentrifuge tubes pre-filled with aliquots of 
3-mm glass beads (Fisher Scientific) and 0.1-mm zirconia/silica beads (BioSpec 
Products, Inc., Bartlesville, OK). Filters were kept frozen at -25˚C until analysis.   
 Molecular analysis was performed at the USDA AWMRU. DNA extraction 
utilized FastDNA® Spin Kit for Soil (MP Biomedical, Solon, OH) according to 
manufacturer’s specifications (Appendix B). Following extraction, samples were 
prepared in a laminar flow hood. 16s assays were conducted prior to iha and kps to 
evaluate the general abundance of microorganisms in the extracted samples. 16s assays 
were carried out in Qiagen HotStarTaq Master Mix, while iha and kps assays that utilized 
SYBR were carried out in QuantiTect SYBR Green PCR mix (Qiagen, Valencia, CA). 
The amplification mixture for 16s runs contained 1.5 μL 25 mM MgCl2, 2 μL water, 12.5 
μL Hot Start mix, 1.5 μL of each primer, 1 μL of probe, and 5 μL sample DNA or 
standard. For iha and kps runs, amplification mixture contained 12.5 μL of SYBR mix, 
1.5 μL of each primer, 4.5 μL water, and 5 μL sample DNA or standard. Samples that 
exhibited coloration after extraction were spiked to check for qPCR inhibition. Spiked 
samples contained an additional 5 μL of standard of known concentration. The reaction 
targeted a 134 bp fragment of the iha sequence and a 102 bp fragment of the kps 
sequence. Samples with Cq values higher than that of the average Cq of lowest standards 
were considered to be below detection limit (BDL). 
  
2.4 Results 
 Behaviors of the tracers are generalized in Table 2.3. Dye was the first tracer to 
arrive at Waterfall 1, sometime between injection and the first sample at 15 min post 
injection (PI) (Appendix C). Microspheres and kps bacteria arrived at the site next, at 
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0.75 h PI. Bacteria with the iha gene had a leading edge of 2.75 h PI. Timing of the peak 
concentrations of tracers varied from leading edge results, with kps isolate concentrations 
peaking first at 2.75 h PI, RWT peaking second at 4.5 h PI, and iha isolates and 
microspheres peaking with the storm flush on May 27, at 270.75 h PI. Secondary peaks 
for iha arrived at the sampling site 4.75 h PI, while microspheres had a secondary peak at 
4.25 h PI.  
Precipitation events of various sizes and intensities occurred after the tracer 
injection. A rain event that dropped 4.5 mm of rain over a 2-h period started ~ 16:30 on 
May 17. Various small (0.3 mm) events occurred sporadically on May 17 and the 
morning of May 18. Rain totaling 4.1 mm was deposited in 1.5 h on May 20, followed by 
another small (0.3 mm) event on May 21. On May 25, 1.3 mm fell in a 40-min period 
followed by scattered sprinkles. The following day, 9.9 mm of rain occurred in 2 h. At 
14:00 on May 27, 7 mm of rain was deposited within 20 min. This last rainfall appears to 
have generated the flush of tracers that spiked at 270 h PI. Sampling was on an 8-h 
resolution at that time and occurred at 18:00 on May 27.  
 Recovered concentrations were normalized to the concentration of the specific 
tracers injected. These values were plotted and the resulting breakthrough curves (BTCs) 
and water quality parameters during the sampling campaign can be seen in Figs. 2.6‒2.9.  
Within the first 15 h after injection, dye concentrations increased more gradually than 
particulates and peaked later. The magnitude of the BTC was greater for bacteria than 
microspheres, with iha showing slightly greater tailing than kps. The pulse in discharge, 
which was measured using pressure transducers in buckets under the waterfall, appeared 
to precede the particulate peaks. The storm event at 14:00 on May 27 produced peaks of 
all tracers, with dye peaking prior to the particulate tracers. Due to the 8-h sampling 
resolution at that time, subtleties in the BTCs have been lost, with microspheres, iha, and 
kps all showing overlapping peaks. Throughout the sampling campaign, there were 
multiple remobilization events of varying degrees for all of the tracers used. Some of 
these peaks overlapped, while others did not.  
 
2.5 Discussion 
Initial BTCs of both solute and particulates overlap during periods of high 
discharge, similar to what was seen in studies by Göppert and Goldscheider (2008) and 
Ward (2008), with differences in arrival times. Sinreich et al. (2009) observed bacterial 
transport was similar to microspheres, with microsphere concentration peaking prior to 
bacteria. Transport of particulates differed drastically from solutes. Neither isolate of E. 
coli in this study behaved in the same fashion as microspheres. Microspheres in the 
current study arrived at the waterfall at the same time as the kps isolate, but the kps 
bacteria peaked in concentration > 200 h earlier. In contrast, the microspheres arrived at 
the waterfall prior to the iha isolate, but peaked in concentration during the same storm 
event as the iha bacteria. Dye was detected prior to particulates, unlike particulates 
preceding solute tracer in a 30 m trace within saturated Swiss epikarst (Goldscheider et 
al. 2008).  
Flow within the epikarst is likely highly heterogeneous. When run through the 
QTRACER2 program (U.S. EPA 2002), all tracers except the iha isolate gave a Peclet 
number < 21, indicative of lower velocities associated with fracture/fissure flow (Lauber 
and Goldscheider 2014). It is important to note that QTRACER2 was designed for use 
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with dyes in aquifers and streams, so outputs for particulates in variably-saturated porous 
media should be used with caution. 
Recoveries for all tracers were quite low (< 1.25%; Table 2.3). This system 
appears to be complex, with varying behaviors of dyes evident depending on antecedent 
moisture conditions and storms of different magnitudes (J. Polk, WKU, personal 
communication, 2014). Rapid transport of tracers in epikarst was similar to other studies 
in which tracers were released over distances < 40 m (Goldscheider et al. 2008; Sinreich 
et al. 2009; Flynn and Sinreich 2010), as dye was seen < 0.25 h and particulates were 
detected in samples 0.75 h PI. Lateral dispersion of tracers was also observed, with RWT 
detected at two other sites within the cave (Fig. 2.5) besides the Waterfall 1 site. This 
indicates that solutes and possibly particulates can follow multiple pathways through the 
epikarst to the cave. After these positive detections, small aliquots of water were sampled 
from the entrance and Double Falls 2. Microspheres were observed in the sample 
collected from the entrance, confirming loss of particulate tracers at other locations 
within the cave. Loss of particulates within the system could result from a variety of 
processes (Fig. 2.10), including (but not limited to) straining, capture on fracture walls, 
diffusion into immobile pore spaces or low flow eddies, or gravitational settling (Geyer et 
al. 2007; Sinreich et al. 2009). 
Bacterial concentrations in samples could have been higher than reported. 
Extraction of DNA dilutes samples, and final products derived from natural samples need 
to be further diluted to limit inhibition from organics. Values listed as 0 on figures in this 
text should be considered to be below detection limit (BDL), which may or may not 
indicate absence of the bacteria of interest within that sample. Efficiency values for all 
runs ranged from 90-105 (Figs. 2.11‒2.13); values between 85 and 115 are considered 
good (K. Cook and R. Parekh, USDA AWMRU, personal communication, 2015). Melt 
curves aligned well for all runs, showing that the PCR derived amplicons of consistent 
size.  
Notwithstanding analytical limitations, different behaviors among the tracers and 
between the two isolates were observed in the epikarst trace. Low recoveries for E. coli 
isolates at Waterfall 1 (< 1%), combined with differences in qPCR efficiency for the 
different genes, mean that differences in attenuation can only be assessed based on timing 
of BTC peaks. For the kps isolate, both the leading edge and peak concentration arrived 
prior to the high-attachment iha isolate at the sampling site. Behavior of tracers also 
differed for various resuspension events throughout the sampling campaign, as some 
tracers were remobilized at different times (Figs. 2.6 and 2.8). The kps peak at 695 h PI 
did not correspond with a peak in any other tracer or with a rain event. This illustrates 
differences in transport and attenuation of microorganisms within the same bacterial 
species, and emphasizes that caution is warranted when making regulatory decisions 
based on studies using one type of E. coli or other organism. Differing behaviors between 
model organisms and the pathogens they are supposed to represent also need to be 
considered.  
Beyond differential transport between the two isolates, it is important to note that 
bacteria were resuspended by multiple storm events after injection. Storage within 
epikarst can provide a secondary source of contamination that can be released by a 
threshold rainfall event. Pressure pulses from infiltrating water can remobilize 
particulates, while through-flow of precipitation can mobilize soil particles through the 
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fractures. This is important for microbial transport, as fine particles (0.9‒1.5µm) have 
been associated with bacterial adhesion and precede solute tracers (Pronk et al. 2009). 
 
2.6 Conclusions 
This study demonstrated that molecular biology can be used as a tool for tracing 
particulates in epikarst. Both bacterial isolates were detected at Waterfall 1 within 
Crumps Cave, ~ 30 m below the top of epikarst. Transport of isolates differed, with the 
kps (low-attachment) isolate arriving at the sampling site 2 h prior to the iha (high-
attachment) isolate. Neither isolate behaved in the same manner as microspheres, 
exhibiting different peaks in their BTCs. All tracers were remobilized to varying degrees 
by storms in the weeks following injection. Timing of leading edges and peak 
concentrations of tracers demonstrates that although dyes may be acceptable proxies for 
transport of dissolved matter, the surface chemistry of the anticipated particulate 
contaminant needs to be considered when selecting tracers, as the three 1-µm particulate 
exhibited considerably different timing of peak concentrations.  
Differential behavior between the two bacterial isolates illustrates the need to 
examine transport of a variety of microorganisms within karst terrains, as they do not 
always behave in the same manner as the traditional tracers used as their proxies. Not 
only can differences between organisms influence transport (Becker et al. 2003; Flynn 
and Sinreich 2010; Cook et al. 2011; Bucci et al.  2015), but composition of the substrate 
itself (i.e. presence of metal oxides) (Bolster et al. 2006) and hydrochemical conditions 
(Flynn and Sinreich 2010) can influence transport and attenuation of microorganisms. 
Size and distribution of fissures (causing straining of particulates), antecedent moisture 
conditions, and presence of biofilms in epikarst can all influence tracer behavior 
(Sinreich et al. 2009; Wang et al. 2011). Future work could explore these conditions by 
conducting similar traces with more sampling locations under different flow regimes or 
during different times of year (differing moisture conditions).  
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Table 2.1: Serotyping results from Penn State University E. coli Reference Center for the 
two isolates used in the study (NEG = not detected). 
 
Sample O type H type LT STa STb Stx1 Stx2 Eae Cnf1 Cnf2 
S1 111 5 NEG NEG NEG NEG NEG NEG NEG NEG 
S10 86 10 NEG NEG NEG NEG NEG NEG NEG NEG 
 
 
 
 
 
 
 
Table 2.2: Primer sequences used for qPCR utilizing SYBR assay. 
 
Target 
Gene Primer Sequence (5’-3’) 
Annealing 
Temp. 
(°C) 
Product 
(bp) 
iha IHA-F CTGGCGGAGGCTCTGAGATCA 59.0 134 IHA-R CCCTGACGAACACCATCAATCA 
kpsMTII kpsMTII-F GCGCATTTGCTGATACTGTTG 57.0 102 kpsMTII-R AAAGGGAATCAGGCCATTAAGT 
 
 
 
 
 
 
 
 Table 2.3: Summary of tracing experiment. 
 
 Rhodamine 
WT 
1-µm 
Microspheres kps E. coli iha E. coli 
Leading Edge <0.25 h 0.75 h 0.75 h 2.75 h 
Peak 
Concentration 
4.5 h 270.75 h 2.75 h 270.75 h 
Secondary 
Peak 
270.75 h 4.25 h 270.75 h 4.75 h 
Recovery 1.25% 0.25% 0.17% 0.30% 
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Figure 2.1: Generalized block diagram of the Western Pennyroyal karst (Currens 2001b). 
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Figure 2.2: Stratigraphic column of rocks in the Mammoth Cave area (Palmer 1981). 
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Figure 2.3: Crumps Cave is located in Warren County, Kentucky. 
 
 
 
 
 
 
 
Figure 2.4: Simplified groundwater flow map of the Mammoth Cave region, indicating 
the location of Crumps Cave (Smiths Grove Cave, #7) (Meiman and Palmer 2009). 
 
 
36 
 
 
Figure 2.5: General location and names of areas exhibiting discharge or ponding water 
within Crumps Cave. Charcoal bugs were placed at these locations at various points 
during the study. Map is not to scale.  
 
 
 
 
Figure 2.6: Normalized concentrations of all tracers throughout the entire sampling 
schedule at Waterfall 1 in Crumps Cave. 
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Figure 2.7: Normalized concentrations of all tracers during the first 15 h after injection. 
Precipitation amounts and discharge of Waterfall 1 are also shown.  
 
 
 
 
Figure 2.8: Normalized concentrations of tracers at Waterfall 1 for samples collected 
650-2000 h after injection. 
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Figure 2.9: Water quality parameters at Crumps Cave as measured by WKU for the 
duration of the sampling campaign. 
 
 
 
 
 
Figure 2.10:  Physical effects that media can have on microorganisms in the vadose and 
saturated zones (Sinreich et al. 2009). 
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Figure 2.11: Cq curve for one of the qPCR runs analyzing for 16s. Samples with Cq 
values < 2 were considered to be BDL, based on the lowest detected standard. 
 
 
 
 
 
Figure 2.12: Cq curve for one of the qPCR runs analyzing for the iha gene. Samples with 
Cq values > 33 were considered to be BDL. 
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Figure 2.13: Cq curve for one of the qPCR runs analyzing for the kps gene. Samples with 
Cq values > 35 were considered to be BDL. 
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CHAPTER 3: MOBILITY OF SOLUTE, MICROSPHERES, AND TWO ISOLATES 
OF E. COLI IN A KARST CONDUIT AQUIFER, CENTRAL KENTUCKY 
 
3.1 Introduction 
 Karst aquifers are an important source of drinking water for populations around 
the world, but because of lack of filtration during recharge and rapid water velocities, 
these important water resources are easily contaminated. Wastes from domestic, 
municipal, and animal sources may release pathogenic bacteria, viruses, and other 
contaminants such as nutrients, organic matter, and chloride into waterways, which can 
be problematic in karst regions such as central Kentucky. Understanding microbial 
transport is complicated by the extreme heterogeneity of karst aquifers. Preferential flow 
occurs through solution-enhanced pathways that can have apertures on the order of 
centimeters to meters (White 1988). However, slow-flow zones can occur in branching 
conduits, which can be partly filled with sediment. Particulate contaminants can be 
trapped by straining, capture on fracture walls, diffusion into immobile pore spaces or 
low flow eddies, or gravitational settling (Champ and Schroeter 1988; Sinreich et al. 
2009). Consequently, karst aquifers can serve as reservoirs of contamination, with 
episodic releases of contaminants associated with recharge events such as storms (Mahler 
et al. 1998; Herman et al. 2008; Kogovsek and Petric 2014). 
Studies using bacteria as tracers of transport in karst aquifers have been conducted 
since the late 19th century (Harvey 1997), but few have used bacteria as part of a suite of 
tracers to examine potential contaminant transport. Orth et al. (1995), Ting et al. (2005), 
and Ward (2008) used Escherichia coli with other particulate tracers (latex microspheres 
or labeled clay particles) and solutes (fluorescent dyes) in field experiments in karst 
aquifers. Those three studies showed various behaviors depending on flow conditions, 
with particulate tracers arriving earlier than, simultaneous with, or later than the solutes. 
However, the distances of the tracer tests were relatively short (~ 200–530 m). 
In the present study, the behavior of bacteria relative to other tracers is evaluated 
for longer flow paths in a karst conduit aquifer. Strains of low- and high-attachment E. 
coli previously employed in an epikarst tracer test (Chapter 2) were injected with 
rhodamine WT (RWT) dye and latex microspheres into the Royal Spring aquifer in 
central Kentucky. Previous studies (Thrailkill et al. 1991; Paylor and Currens 2004; Zhu 
et al. 2011; Sawyer et al. 2015; J. Currens, Kentucky Geological Survey [KGS], personal 
communication, 2015) suggest a complicated network of tributary and distributary 
conduits connected to a trunk conduit, with passages partly occluded by sediment and 
possibly breakdown deposits. Consequently, there is significant potential for storage and 
remobilization of particulate tracers. 
The objective of this study was to evaluate transport and attenuation of two 
isolates of E. coli with differing surface characteristics within a conduit-flow karst 
aquifer compared to RWT and latex microspheres. It was hypothesized that: 1) E. coli 
would exhibit different transport behavior than fluorescent dye or microspheres; 2) at 
base-flow conditions, bacteria would arrive prior to microspheres, which would arrive 
prior to dye; and 3) the two isolates of E. coli would have differing transport properties, 
with the isolate containing the iha gene showing greater adhesion, and therefore slower 
transport times, than the isolate containing the kps gene. 
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3.2 Study area 
Karst is present across various areas in the state of Kentucky (Fig. 3.1). The Cane 
Run watershed is located in the Inner Bluegrass region, which covers an area of ~ 14,500 
km2 of primarily gently-rolling topography. Cane Run drains a mixed-use landscape that 
covers an area of 116 km2 (Figs. 3.2 and 3.3). From its headwaters in the city of 
Lexington in Fayette County, it flows north-northwest through farmland to a confluence 
with North Elkhorn Creek near Georgetown in Scott County. Water in the upper and 
middle reaches of Cane Run infiltrates into swallets (stream-bed sinkholes) and recharges 
the karst aquifer that feeds Royal Spring. The watershed does not entirely coincide with 
the groundwater basin (Fig. 3.3). Groundwater flow is approximately parallel to the 
regional dip (north-northwest, away from the Jessamine Dome [Thrailkill et al. 1982]), 
The watershed is underlain by Ordovician-age Lexington Limestone, which was exposed 
by the uplift of the Cincinnati Arch and subsequent erosion (Fig. 3.4). Shaly interbeds, 
which are resistant to dissolution, result in perched water tables that can discharge at 
high-level springs (Fig. 3.5). Conduit and cave geometry is strongly influenced by joints 
and faults, with conduit patterns typically being dendritic or trellised (Sawyer et al. 
2015). Based on dye traces, groundwater velocities in the conduit network range from 3.4 
to 42 km/d (Thrailkill et al. 1991; Paylor and Currens 2004).  
Portions of Cane Run are on the Commonwealth of Kentucky’s 303(d) list of 
impaired streams due to sedimentation, organic enrichment, eutrophication (nutrients), 
biological indicators, and fecal coliform (FC) (Kentucky Division of Water 2010). 
Human waste is a probable source of contamination, as 30% of homes in the Cane Run 
watershed have a failing septic system or none at all (Kentucky Water 1995). Horse 
muck, a combination of horse manure and bedding material, is another potential source of 
pathogens. Horse boarding facilities and the Kentucky Horse Park have large quantities 
of muck on their properties, which are traversed by tributaries to Cane Run. Run-off 
could thus transport pathogens into the karst aquifer, posing a potential health risk. From 
a regulatory perspective, Royal Spring is considered as groundwater under the direct 
influence of surface water (Georgetown Municipal Water and Sewer Service [GMWSS] 
2011). 
Researchers with the KGS have installed a transect of monitoring wells across 
what may be the main conduit beneath the Kentucky Horse Park, which was located 
utilizing electrical resistivity techniques (Zhu et al. 2011). These wells (Fig. 3.6) and 
monitoring instrumentation comprise the Karst Water Instrumentation System (KWIS) 
station. The conduit lies 18.3 m below ground surface with an elevation of 238 m asl and 
appears to be part of an anastomosing network (Sawyer et al. 2015). Results from dye 
traces and down-hole cameras suggest that the conduit is elliptical in shape, ~ 1 m tall 
and 3‒6 m wide. Dye traces estimate the main conduit has a cross-sectional area of 4 m2, 
with a typical discharge of 1‒3 m3/s. Turbidity in the conduit increases to >50 NTU when 
precipitation exceeds 2.5 mm (J. Currens, KGS, personal communication, 2014). Salt 
solution injected into a sinkhole ~ 750 m upgradient arrived at the monitoring well 100 
min post-injection (PI), with a maximum concentration at 180 min PI and a return to 
background levels in ~ 9 h (Sawyer et al. 2015).  
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3.3 Methods 
 
3.3.1 Tracer preparation, injection, and sampling 
RWT was the solute tracer for this study. Microspheres (1-µm diameter, yellow-
green; Fluoresbrite®, Polysciences, Inc., Warrington, PA) were selected based on a size 
that was similar to bacteria and a color that would not overlap the excitation and emission 
spectra for RWT (emission wavelength 550 nm in eluent used at KGS) (Fig. 3.7). Two 
bacterial isolates containing the gene for iha (high attachment efficiency) or kps (low 
attachment efficiency) were grown as described previously. Numbers of cells grown were 
~ 1.21 × 1011 with the kps gene and 1.23 × 1011 with the iha gene as determined by 
IDEXX quantification (IDEXX Laboratories, Westbrook, ME), and 1.35 × 1013 and 3.98 
× 1012, respectively, as determined by qPCR quantification.  
Beginning September 16‒17, 2015, charcoal receptors for qualitative dye analysis 
(bugs) were suspended in Well 16 at the KWIS location and submerged at Royal Spring. 
A SCUFA submersible fluorometer (Turner Designs, San Jose, CA) was calibrated at 
KGS and deployed in Well 25 prior to injection of the tracers.  On October 16, the 
sinkhole used by Sawyer et al. (2015) (adjacent to the parking lot beside Alltech Arena at 
the Kentucky Horse Park) was primed with one tank (~ 750‒940 L) of Royal Spring 
water under gravity feed. Dye, microspheres, and the two growths of bacterial isolates 
were dumped into the sinkhole at 12:00 local time and flushed with another tank of Royal 
Spring water, concluding at 12:27. Tracers were injected under base-flow conditions to 
avoid possible inputs of fecal matter from unknown sources during storm events. To limit 
visual coloration at Royal Spring, 1500 mL (357 g active ingredient) of RWT was 
injected, based on the flow rate at the spring the morning of the injection. Based on a 
volume of 300 mL, ~ 1.365 × 1013 microspheres were injected.  
 Samples were collected from Well 20 at the KWIS monitoring station and from 
Royal Spring. These sampling points were ~ 750 m and 6.25 km (straight-line distances) 
from the site of injection, respectively (Fig. 3.8). Samples were collected from Well 20 
using a 1-L bailer and from Royal Spring using two ISCO automated samplers (Model 
2200, ISCO, Lincoln, NE). Samplers were set to flush the line multiple times prior to 
taking each 2-L sample, which was collected in a sterile, 1-L polypropylene bottle. 
Samples were kept chilled until they could be transported back to the University of 
Kentucky (UK), where they were kept at 4°C until filtered. Sampling resolution started at 
15 min, progressing to 30-min resolution at 20:00, hourly at 8:00 on October 17, and 
thence to 2-h, 4-h, 6-h, 12-h, 24-h, and weekly sampling. Bugs were retrieved weekly for 
analyses.  
Rainfall measurements from the UK Spindletop Farm, 4.5 km southeast of the 
KWIS station, were used for this study (UK Ag Weather Center, 2016, 
http://weather.uky.edu/index.php). The first rain event following the tracer injection was 
on October 24. There was a small, 1-mm rainfall over 4 h early in the morning, with a 
higher intensity event that started at 17:55. More rain totaling 2 mm occurred October 
27–30, with substantial rain totaling 11 mm occurring November 4–6. Other rain events 
exceeding 2 mm occurred on November 14, November 18, November 28, and December 
1. Many of the rain events resulted in responses in the aquifer system, as seen by stage 
recorders and discharge measurements at both sampling sites (Figs. 3.9 and 3.10).  
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3.3.2 Analysis 
Samples were processed as soon as possible upon return to the laboratory. Small 
aliquots (< 10 mL) of samples were poured into cuvettes and analyzed for RWT on a 
Varian Cary Eclipse fluorescence spectrophotometer at KGS. Calibration curves were 
created with previously-made dilutions. Bugs were rinsed with deionized water and 
allowed to dry in an oven overnight at ~ 35°C. Once dry, charcoal was eluted for 1 h or 
more in 15 mL of Smart Solution (a 5:2:3 mixture of 1-propanol, ammonium hydroxide, 
and deionized water) before the eluent was analyzed on the spectrophotometer using the 
Scan feature. For comparison, SCUFA measurements were taken in Well 25 every 10‒15 
s and data were downloaded every 1‒2 d. 
 For analysis of microspheres, samples were shaken and ~ 200 mL was filtered 
under vacuum onto black gridded cellulose nitrate filters with 0.65 μm absolute pore size. 
Filters were placed on glass slides and covered with a cover slip. Microspheres were 
counted under 20× magnification on an epifluorescent microscope (Nikon) under the 
GFP filter (excitation wavelength 436 nm, emission wavelength 480 nm). To check for 
presence of E. coli, aliquots of 1 mL were plated onto EMB agar. Plates were incubated 
at 35˚C for 24 h and checked for presence of metallic green colonies. For molecular 
analysis, shaken samples were filtered onto polycarbonate filters of 0.4 μm absolute pore 
size under vacuum and placed in microcentrifuge tubes that had been pre-filled with 3-
mm glass beads (Fisher Scientific) and 0.1-mm zirconia/silica beads (BioSpec Products, 
Inc., Bartlesville, OK). Filters were kept frozen at -25˚C until analysis. 
 Molecular analysis was performed at the USDA Animal Waste Management 
Research Unit (AWMRU) in Bowling Green, Kentucky. DNA extraction utilized 
FastDNA® Spin Kit for Soil (MP Biomedical, Solon, OH) according to manufacturer’s 
specifications (Appendix B). Following extraction, samples were prepared in a laminar 
flow hood. 16s assays were conducted prior to iha and kps to evaluate the general 
abundance of microorganisms in the extracted samples. 16s assays were carried out in 
Qiagen HotStarTaq Master Mix, while iha and kps assays that utilized SYBR were 
carried out in QuantiTect SYBR Green PCR mix (Qiagen, Valencia, CA). The 
amplification mixture for 16s runs contained 1.5 μL 25 mM MgCl2, 2 μL water, 12.5 μL 
Hot Start mix, 1.5 μL each primer, 1 μL of probe, and 5 μL sample DNA or standard. For 
iha and kps runs, amplification mixture contained 12.5 μL SYBR mix, 1.5 μL of each 
primer, 4.5 μL water, and 5 μL sample DNA or standard. Samples that exhibited 
coloration after extraction were spiked to check for qPCR inhibition. Spiked samples 
contained an additional 5 μL of standard of known concentration. The reaction targeted a 
134 bp fragment of the iha sequence and a 102 bp fragment of the kps sequence.  
Melt curves for molecular analysis (Fig. 3.11) show good alignment, indicating 
replication of products of consistent size. Blanks for molecular runs show good quality 
control, as these samples provided no response or Cq (cycle number) was greater than 
that of the lowest standard, meaning these samples were below the detection limit. 
Because most samples were anticipated to have bacterial concentrations that were low, 
standard concentrations of 5 × 100, 1 × 101, 5 × 101, 1 × 102, etc., to 1 × 108 were used to 
create the calibration curve. Aliquots of 5 µL of 1:5 dilutions were analyzed for most 
samples, but samples that exhibited coloration after extraction were run at dilutions as 
high as 1:100. Colored samples were also spiked with standards of known concentration 
to test for PCR inhibition. 
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3.4 Results 
Bugs showed negative results for the wavelengths associated with RWT for both 
sampling sites for weeks prior to the injection. Bugs for the October 24‒30 interval at the 
KWIS site and October 17‒30 at Royal Spring tested positive for RWT. Results from 
spectrophotometric analyses for KWIS samples were elevated relative to SCUFA 
measurements, which suggests background contributions from natural organic matter 
(NOM) that were detected by the spectrophotometer. To generate a recovery below 100% 
for the fluorometer, a threshold value of 7 µg/L was assumed. Despite discrepancies in 
values, arrival and peak times did not differ between SCUFA and laboratory analyses. 
Dye concentrations generally tracked discharge (Figs. 3.12 and 3.13). Municipal pumping 
of water appeared to influence dye behavior at Royal Spring, with slightly elevated 
concentrations seen during periods of higher spring discharge. 
All three particulate tracers were detected at Royal Spring, over 6 km straight-line 
distance from the injection site (Figs. 3.14 and 3.15). Arrival of particulates at Royal 
Spring coincided with a small increase in discharge ~ 30 h after injection. Microspheres 
were first detectable at 31 h PI, while kps isolates arrived at 32 h, and iha isolates arrived 
at 33.25 h PI. These arrivals did not coincide with any increase in turbidity as measured 
by GMWSS. The first major tracer peak occurred around 60 h PI, with curves for all four 
tracers overlapping. Microspheres exhibited greater tailing than other tracers. Small 
quantities of particulate tracers arrived prior to dye at 60 h PI, with the kps isolate 
arriving slightly before the iha isolate. 
Recovery rates for particulate tracers were less than for RWT, but bacterial 
isolates were detectable for many samples. Recovery of bacteria was calculated at ~ 63% 
for the kps isolate and ~ 62% for the iha isolate. Microsphere recovery was only ~11%. 
The percentage of particulates recovered were within ranges found in other studies (< 
0.1% ‒75%) that examined transport distances between 200 m and > 2.5 km in karst 
aquifers (Orth et al. 1995; Göppert and Goldscheider 2008; Goeppert and Goldscheider 
2011). 
Storm events created multiple increases in discharge at the spring. All tracers 
exhibited some degree of remobilization during storm-flow events. Microspheres 
appeared to be most easily remobilized during periods of higher flow. Bacteria were 
resuspended on multiple occasions, even during a storm event more than 1 month after 
injection. Bacterial isolates were not always transported or remobilized during the same 
event, as seen at 500 h PI where kps was detected at the spring and iha was not. Bacteria 
appeared to become remobilized during the first and third storm events but not during the 
second. 
 Samples collected from KWIS Well 20 showed different behavior of tracers (Figs. 
3.16 and 3.17) than at Royal Spring. Microspheres were first detected at 5.3 h PI, with 
kps and RWT arriving at 10 and 10.5 h PI, respectively. The iha isolate was not detected 
until 46 h PI (Appendix E). Normalized concentrations of particulates were less than 
those of RWT for the initial pulse. Bacteria were not readily observed in Well 20 until the 
breakthrough curve (BTC) associated with the rain event on October 28. As with Royal 
Spring samples, microspheres appeared to be more easily mobilized, with elevated 
numbers of spheres seen in samples after the October 28 storm.  
During microsphere counts under the epifluorescent microscope, various 
invertebrates were observed on filters from both sample sites. Such organisms included 
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Ostracoda, Cladocera, Copepoda, ciliated protozoa (Epidinium), pennate diatoms, 
Mastigophorea, Ciliophora (Teuthophrys), and Eubranchiopoda. Among the invertebrates 
observed on the filters, copepods are the most likely candidate for predation of E. coli, 
based on general descriptions of their feeding habits (Pennak 1978; Thorp and Covich 
1991). Some slides showed copepods that appeared to have consumed microspheres (Fig. 
3.18). Microspheres are the same size as an average E. coli and thus could be consumed 
by bacterial predators. The Fluoresbrite® spheres are commonly used in phagocytosis 
studies (www.polysciences.com, 2016). Although confirmation of the location of the 
microspheres in relation to copepods (external or internal) cannot be certain, presence of 
E. coli predators indicates the potential for loss of bacteria within the system.   
 
 3.5 Discussion 
 Differences in transport and attenuation were observed for the four tracers used in 
this study. Microspheres consistently arrived prior to the other particulate tracers at both 
sampling locations. The relationship among peak concentrations of particulate tracers 
varied depending on sampling site, with both bacterial isolates peaking at the same time 
at the spring, yet exhibiting different timings of peak concentrations at the Horse Park. 
The isolate containing the kps gene was observed during storm flow in which the iha 
isolate was below detection limit. Both isolates were detected at the spring more than 1 
month after injection.  
According to Smart (1988), five processes affect tracer geometry: dispersion, 
dilution, divergence, convergence, and storage. In the current study, the solute tracer 
cloud was increasingly dispersed with time and distance. At both sampling sites, elevated 
concentrations of tracers following storms were indicative of remobilization. Thus, 
storage of tracers within the system during periods of lower discharge is occurring. 
Tracer BTCs in this study were also influenced by water withdrawals by the GMWSS 
(Fig. 3.15). Pumping could induce pulses of water and tracer transport within the conduit 
system, or cause ponding near the spring mouth during periods of low flow.  
Timing of tracer arrivals at the two sampling locations is consistent with an 
anastomosing network of conduits under the Horse Park (Fig. 3.19). However, BTCs do 
not appear to show bimodal peaks, which would be expected in areas with diverging and 
converging distributaries (Smart 1988; Field and Leij 2012). There is no evidence of 
dilution, which would be expected in situations of convergence by a dye-free tributary. 
Asymmetry of the dye cloud reflects storage, which can occur in-line during decreasing 
flows within a conduit (Fig. 3.20), or off-line in fractures, sediment, discrete voids, or the 
arm of a branching conduit (Smart 1988). Both types of storage can be purged by high 
discharge (Herman et al. 2008). Particulates can settle out during low flow (Mahler et al. 
1998), providing a source of bacteria that can be remobilized from within the aquifer. 
Bacteria and microspheres show breakthrough peaks even after the first flush following 
rainfall. 
Results of the aquifer trace agree with other studies that have compared 
particulate and solute transport, in that particulates arrive at the site prior to solutes 
(Champ and Schroeter 1988; McKay et al. 1993; Orth et al. 1995; Sinreich et al. 2009; 
Aquilanti et al. 2013), especially during low-flow conditions (Göppert and Goldscheider 
2008). Transport of tracers may have been different under higher discharge, as seen in 
near-simultaneous breakthrough of tracers during the higher discharge trace of Göppert 
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and Goldscheider (2008). Simultaneous breakthrough of particulate and solute tracers 
was also seen by Ward (2008) and Maurice et al. (2010). However, results of this study 
did not show bacteria arriving prior to microspheres, as seen by Becker et al. (2003), nor 
arrival of solutes prior to particulates (Goeppert and Goldscheider 2011). Discrepancies 
between relationships between tracers may be a function of the tracers used (e.g., 
different microorganisms, dye, or solute chemistries) or could be a function of the 
differing geometries and complexities of the individual karst system. 
Differential behavior between the two E. coli isolates agrees with attachment 
behaviors to various surfaces as seen in both column studies using quartz sand (Cook et 
al. 2011) and in studies where iha isolates demonstrated higher attachment to lettuce 
leaves compared to kps isolates (K. Cook, USDA AWMRU, personal communication, 
2016). PCR inhibition in some samples was likely a result of natural fluctuations in NOM 
and suspended sediment in the aquifer, as extraction methodology and timing did not 
vary. In particular, bacterial concentrations in samples collected during storm events were 
probably affected by inhibition and thus may have been higher than reported. 
Nonetheless, with current methodology, molecular tracers were still detectable. 
 
3.6 Conclusions 
This study has demonstrated that molecular biology can be used as a tool for 
tracing particulates in karst aquifers at distances > 6 km. Both bacterial isolates were 
detected at Royal Spring, 6.25 km straight-line distance from the injection site. Isolates 
differed in their transport, with the kps (low attachment) isolate arriving at the sampling 
sites prior to the iha (high attachment) isolate. Behaviors of both isolates differed from 
those of more traditional tracers in karst aquifers, such as RWT dye and latex 
microspheres. These differences illustrate the limitations in assumptions about 
contaminant transport in karst environments based on studies using these proxies.  
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Table 3.1: Summary of tracer behavior for samples collected from Royal Spring. 
 
 Rhodamine WT 1-µm Microspheres kps E. coli iha E. coli 
Leading Edge 59.00 h 31.00 h 32.00 h 33.25 h 
Peak 
Concentration 
69.00 h 68.00 h 
1.20 × 105 
microspheres/L 
72.00 h 
7.22 × 104 
cells/L 
72.00 h 
5.04 × 104 
cells/L 
Recovery 98.8% 11.35% 62.98% 61.67% 
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Figure 3.1: Occurrence of karst in Kentucky (Paylor and Currens 2001).  
 
 
 
 
Figure 3.2: The Cane Run basin is located in Scott and Fayette counties (highlighted) in 
Kentucky. 
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Figure 3.3: Location of Cane Run basin and the Royal Spring aquifer (subsurface 
drainage outlined in red) within Scott and Fayette counties. 
 
51 
 
 
Figure 3.4: Stratigraphic column showing the Lexington Limestone in central Kentucky 
(Clepper 2011). 
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Figure 3.5: Generalized block diagram of the Inner Bluegrass karst (Currens 2001a). 
 
 
 
 
 
 
 
Figure 3.6: Layout of wells at the KWIS station at the Kentucky Horse Park. The outer 
boundary in the sketch is the fence-line. Samples were collected from Well 20, stage was 
recorded in Well 24, the SCUFA was deployed in Well 25, water quality equipment was 
in Well 23, and charcoal bugs were deployed in Well 16. Map not to scale. 
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Figure 3.7: Excitation and emission spectra for yellow-green Polysciences Fluoresbrite® 
microspheres (http://www.polysciences.com/default/fluoresbrite-yg-microspheres-100m).  
 
 
 
 
Figure 3.8: Location sites for injection of tracers (indicated by the red marker) and 
sampling sites at the Horse Park (yellow pin) and Royal Spring (blue pin) 
(Commonwealth Map, 2016, http://kygeonet.ky.gov/tcm/). 
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Figure 3.9: Discharge at Royal Spring (USGS gauging station 03288110) and 
precipitation (measured at Spindletop Farm) for 2015. 
 
 
 
 
Figure 3.10: Discharge calculated from stage in Well 24 at the KWIS station in the 
Kentucky Horse Park.  
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Figure 3.11: Melt curves for qPCR runs analyzing for the iha gene (top) and kps gene 
(bottom).  
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Figure 3.12: Dye concentrations from the Royal Spring sampling site as measured with 
the Varian Cary Eclipse fluorescence spectrophotometer.  
 
 
 
 
Figure 3.13: Dye (as measured with the SCUFA submersible fluorometer) and other 
tracers sampled from the KWIS site at the Kentucky Horse Park.  
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Figure 3.14: Breakthrough curves of tracers sampled at the Royal Spring site for the 
duration of the sampling campaign. 
 
 
 
 
Figure 3.15: Tracer behavior as measured at Royal Spring, with focus on the first 
breakthrough curve. 
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Figure 3.16: Breakthrough curves of all tracers sampled through KWIS Well 20 at the 
Kentucky Horse Park.  
 
 
 
Figure 3.17: A closer examination of the breakthrough curves of C/C0 concentrations for 
all tracers as sampled from the Horse Park shows overlap.  
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Figure 3.18: Multiple invertebrates were observed with microspheres that appeared to 
have been ingested. 
 
 
Figure 3.19: Conceptual diagram of anastomosing conduits in karst with water flow 
shown by the blue arrows (J. Currens, KGS, personal communication, 2016 [based on 
White 1988]).  
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Figure 3.20: Conceptual model of possible low-flow environments within a karst conduit. 
Fractures (not shown) are another pathway to immobile or slow-flow regions (Geyer et 
al. 2007). 
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CHAPTER 4: DISCUSSION AND CONCLUSIONS 
 
4.1 Discussion 
 
4.1.1 Epikarst trace 
 The epikarst trace conducted under storm flow conditions at Crumps Cave 
demonstrated that molecular biology techniques can be used to assess microbial transport 
in epikarst environments. Rhodamine WT (RWT), 1-µm diameter yellow-green 
microspheres, and Escherichia coli (E. coli) containing either the kps or iha gene were all 
detected at Waterfall 1 within Crumps Cave after a surface injection during a storm 
event. All four tracers were remobilized to varying degrees during subsequent storm 
events during the monitoring period, with breakthrough curves (BTCs) tending to 
overlap. Microspheres appear to be more easily mobilized than bacterial particulates, 
with all particulates exhibiting different transport behavior than RWT dye. The initial 
peaks for the iha isolate were at 270 and 4.75 h post-injection (PI) compared to 2.75 h PI 
for the kps isolate. Differences in the behavior of the isolates were observed at this study 
site. The iha isolate appears to have been more readily flushed during storm events, and 
could have been associated with sediment more so than the kps isolate. Differential 
behavior between isolates was also demonstrated with a kps peak ~ 1 month PI that was 
not associated with a peak for any of the other tracers.  
Detection of dye on charcoal bugs at the entrance and Double Falls 2 indicates the 
possibility of movement of particulate tracers along multiple flowpaths, resulting in low 
recovery rates at Waterfall 1. Low recovery of tracers could also have been a function of 
storage within the epikarst system. The network of void spaces in the epikarst system 
could be analogous to that of a tight sponge. Voids may not be simply connected along 
vertical or horizontal pathways and can be heterogeneously distributed throughout the 
limestone media. Previous dye traces conducted by researchers at WKU demonstrated 
that antecedent moisture conditions are extremely important in dictating tracer behavior 
at this study site. Flow pathways within the epikarst system could change during storms 
of various thresholds.  
 
4.1.2 Aquifer trace 
 The second trace demonstrated that molecular biology techniques can be used to 
track bacterial transport in karst conduit aquifers over distances of at least 6 km. All four 
tracers were detected at Royal Spring, 6.25 km straight-line distance from the injection 
site at the Kentucky Horse Park. Tracers were remobilized during storm events 
throughout the monitoring period, which lasted until 1196 h PI.  
 Samples collected at Royal Spring show overlapping BTCs of the four tracers, 
which were influenced by fluctuations in groundwater discharge. Storm events 
remobilized the tracers to varying degrees, indicating various flow thresholds were 
needed to mobilize the individual tracers. It is possible that the iha isolate could have 
attached to sediment, which would result in faster settling, thus requiring higher 
discharge for remobilization. We did not test for E. coli attachment to sediment, analyze 
size distribution of sediment, or continuously observe turbidity. Water quality data 
collected downhole at Well 23 at the Horse Park were lost for October and early 
November. Isolates containing kps were detected at Royal Spring during a small storm 
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event, while the iha isolate was not detected. This, combined with differences in arrival 
and peak concentration times, emphasizes differences in transport between the isolates 
used in this study and illustrates that not all microbes will travel at the same rate, as noted 
in other tracer studies using more than one type of microbe (Becker et al. 2003; Flynn 
and Sinreich 2010).  
 Samples collected from Well 20 at the Horse Park provided fewer data points. 
Isolates containing iha were only detected twice, at 46 and 284 h PI, out of 28 samples 
analyzed. Because of this, the timing of first arrival and peak concentration of tracers 
sampled at the Horse Park site cannot be discussed with confidence. Isolates containing 
kps were detected more frequently at the Horse Park (14 of 30 samples). For comparison, 
21 of 65 Royal Spring samples were above detection limit for iha, and 37 of 65 for kps. 
Lack of detection of bacteria at the KWIS site suggests an anastomosing network of 
conduits beneath the Horse Park, with tracers following various pathways between the 
injection and sampling sites. This karst site is analogous to a network of tangled pipes. 
Tracers may enter the system in one pipe, where movement of the water and any carried 
materials is a function of discharge and pressure pulses through that particular pipe and 
its connecting pipes. Shapes of BTCs can be influenced by a variety of factors including 
conduit patterns. Immobile flow regions can be indicated by skewness in the BTC. Multi-
peaked BTCs (as seen at the Horse Park) can result from tracer entering auxiliary 
channels that become confluent downstream (anastomosing) or via injection of the tracer 
outside of the main flow channel (Field and Leij 2012). 
In the two 500-m traces conducted by Ward (2008), there was 30-67% recovery 
of microspheres, 57-82% RWT recovery, and 40% recovery of bacteria. Recovery for the 
current study varied by sampling site, with > 11% of microspheres and > 61% of each 
bacterial isolate recovered from the Royal Spring sampling location. Microsphere 
recovery was less than that of Ward, but bacterial recovery was greater, even with 
detection limits higher than the approximately 6 cfu/L value in Ward (2008).  
 
4.1.3 Comparison of traces 
 Differences in transport and attenuation were observed among the four tracers at 
both study sites. Dye arrived at the waterfall prior to particulates in the epikarst trace, 
with peak concentrations occurring after those of the kps isolate, but prior to the other 
particulates. Dye arrived at Royal Spring 28 h later than particulates but peaked in 
concentration between microspheres and the bacteria. At the Horse Park sampling site, 
dye was preceded by microspheres and kps isolate, and peaked after microspheres and the 
iha isolate. Microspheres arrived simultaneously with the kps isolate in the epikarst trace 
and prior to bacterial tracers in the aquifer trace. Peak concentrations of microspheres 
varied in relation to the other tracers, but coincided with iha isolates in the epikarst trace 
(a function of discharge after a large storm) and preceded bacterial isolates in the aquifer 
trace by 4 h. Arrival of particulates prior to dye agrees with observations from various 
other studies (Atkinson et al. 1973; Champ and Schroeter 1988; McKay et al. 1993; Story 
et al. 1995; Goldscheider et al. 2008; Pronk et al. 2009).  
Tracers were remobilized to various extents at both sites during the months of 
sampling after injection. Remobilization occurred > 50 d PI in the epikarst, with a strong 
kps peak 20 d PI. This elevated quantity of kps did not coincide with any other tracer 
BTC. In the aquifer trace, particulates were resuspended > 1 month after injection, with a 
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large resurgence of bacteria. Microspheres appeared to be remobilized more easily than 
bacteria in both traces, and tend to have BTCs that mimic discharge curves, similar to the 
behavior seen by Ward (2008). Recovery of all tracers was greater for the aquifer trace 
than for the epikarst trace. 
Microspheres differ from bacteria in a variety of aspects, limiting the utility of 
microspheres as bacterial proxies for transport studies. Microspheres are less subject to 
degradation than bacteria. Particulate densities differ, with microspheres used in this 
study having densities of approximately 1.06 g/cm3, versus an average density of 1.1 
g/cm3 for E. coli bacteria. This difference in density means that microspheres are more 
prone to entrapment on conduit ceilings/walls or in low flow zones as a result of 
buoyancy effects (Fig. 4.1). 
Differences between E. coli isolates were observed in both traces. The kps isolate 
arrived at Waterfall 1 and peaked in concentration prior to the iha isolate during the 
epikarst study. During the aquifer study, kps was detected prior to iha at both Royal 
Spring and the Horse Park site, but peak concentrations of the isolates occurred 
simultaneously, coinciding with higher discharge at the spring. These relationships agree 
with adhesion behaviors seen in relation to other substrates, as the iha isolate exhibits 
higher sticking efficiency in quartz sand columns (Cook et al. 2011) and studies 
examining isolate adhesion to lettuce leaves (K. Cook, USDA AWMRU, personal 
communication, 2016). Various bacteriophages have been shown to have differing 
transport and attenuation (Flynn and Sinreich 2010) and column experiments have shown 
differences between other bacteria such as E. coli, Enterococcus faecalis, Bacillus 
subtilis, and Bacillus cereus (Bucci et al. 2015).  
The differences in transport and attenuation of these isolates illustrate that care 
must be taken when examining E. coli as a “type” organism and proxy for all 
bacterial/pathogen movement. The longer groundwater trace resulted in smaller 
differences between transport and attenuation of the various particulates, especially when 
examining the timing of peak concentrations. This illustrates that distance of the 
contaminant source from the collection site may need to be considered by regulatory 
agencies when predicting contaminant arrival times and concentrations.  
Of the two E. coli isolates used in this study, the one most comparable to the 
agricultural pathogen O157:H7 is the isolate containing the iha gene, as O157:H7 also 
contains that gene (Tarr et al. 2000). Differences in other genes and surface chemistries 
between the iha isolate used in this study and O157:H7 means that these two bacterial 
strains may not behave in the exact same manner. However, if the iha gene confers a 
higher attachment efficiency to a bacterial isolate, they could be considered analogous. In 
the aquifer trace at base flow conditions, the iha isolate arrived at the sampling site prior 
to dye, but after to other particulate tracers, and the isolate was remobilized to various 
degrees with storm flow over 1 month after injection. In the epikarst study during a storm 
event, the iha isolate was detected at the underground waterfall < 3 h after being injected 
at the surface, but required a large storm event to reach peak concentrations over 11 days 
after injection. Of the particulate tracers, the iha isolate was attenuated the most in 
regards to first arrival and peak concentration, indicating that the other particulates used 
in this study may not be accurate proxies for agricultural isolates of concern, such as 
O157:H7. 
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Although determining the mechanisms of solute and particle storage at our field 
sites was not the focus of this study, storage of tracers within karst systems was observed, 
with both particulate tracers and dye being remobilized during storm discharge. In a 
laboratory study, Wu and Hunkeler (2013) found that entrapped solutes were generally 
flushed more rapidly at high flow rates and steeper conduit angles, with conduit bends 
having a strong influence on hyporheic flow in karst sediments. Depending upon the 
conduit structure in the Royal Spring aquifer, some storage could be attributed to the 
hyporheic zone surrounding the conduit. With an assumed sinuosity of 1.1 for conduits 
within the Inner Bluegrass region (Currens and Graham 1993), a lack of bends could 
limit storage in the hyporheic zone, but anastomosing conduits, sediment deposits, and 
fractures are still likely to promote storage in the Royal Spring aquifer. A storm of a 
minimum magnitude, or threshold event, may be required to produce the discharge 
needed to purge the storage area (Herman et al. 2008).  
 Protozoa and invertebrates were observed under the epifluorescent microscope 
while conducting microsphere counts. Observations of microspheres associated with 
multiple organisms suggests that the microsphere had been ingested, which is plausible 
for organisms that indiscriminately feed on bacteria-sized particles. If the microspheres 
are being ingested, it can be presumed that bacteria are being ingested as well. This is one 
avenue for loss of tracer within the karst environment, which can occur during short 
periods of time (within hours) once in the karst system.  
 
4.2 Conclusions 
 This study has shown that using molecular biology techniques, non-pathogenic 
bacteria can be viable tracers in epikarst and karst conduit aquifers over vertical distances 
of 30 m and lateral distances of 6.25 km, respectively, from the injection points. This 
study also demonstrated variations in transport and attenuation of two isolates of E. coli, 
which is used as a common index organism to represent pathogen behavior. The isolate 
containing the kps gene arrived prior to the isolate containing the iha gene at all sites. 
Relative timing of the peak concentrations of the isolates varied, with kps peaking prior 
to iha in the epikarst setting, but simultaneously with iha during storm flow in the conduit 
aquifer. Therefore, assumptions based on the behavior of one isolate of E. coli may not be 
accurate when assessing health risk of other microbes. Efficiencies of qPCR runs for the 
iha and kps genes differed, meaning detection sensitivities could vary between isolates. 
PCR inhibition was present in many storm samples, which thus could have contained 
higher numbers of bacteria than reported. The behavior of both isolates and of more 
traditional tracers (fluorescent dye and latex microspheres) depended upon discharge and 
antecedent moisture conditions of the karst systems. Particulates arrived at the sampling 
site prior to dye during baseflow conditions in the conduit aquifer, which is similar to 
results seen by Göppert and Goldscheider (2008). Particulates arrived at the sampling 
location after the dye during storm flow in epikarst.  
 Traditional tracers may not be accurate proxies for bacterial transport in karst 
environments, depending upon the surface chemistries of the bacterial contamination of 
concern. In the karst environments studied, dyes are not good proxies; rhodamine WT 
arrived after particulates in an aquifer under base flow conditions and prior to particulates 
in the epikarst environment during a rainfall event. Although microspheres do not mimic 
the exact behavior of either E. coli isolate used in this study, microspheres may be 
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suitable as an abiotic tracer that mimics bacterial transport. However, microspheres do 
not undergo the same rates of degradation and predation as bacteria. Microsphere 
transport is influenced by buoyancy effects that may not apply to bacterial cells, which 
are denser. Moreover, large spikes in bacterial concentrations were seen when no other 
tracer exhibited elevated concentrations. 
Recommendations for future work include considering the use of different qPCR 
techniques to eliminate issues of inhibition, which could result from elevated 
concentrations of natural organic matter. Dilution of samples to eliminate inhibition 
effects could cause detection limits to be increased. More work is needed to compare 
transport and attenuation of these tracers under various conditions (e.g., drought vs. wet 
season) to determine the range of differences in transport times between bacteria and 
common tracers or among isolates of the same bacterium. Tracer studies should also be 
conducted in other karst regions to assess the degree of variability in microbial transport. 
Future work could also include comparing the sensitivity of analysis or detection limits of 
molecular analysis versus stable isotope labels, as used in Ward (2008). 
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Figure 4.1: Migration of microspheres within conduit. Changing water level within the 
conduit can allow for entrapment 
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Appendix A 
Stable isotope enriched M9 media 
 
Na2HPO4    18 g 
KH2PO4    8‒9 g 
NaCl     1.5 g 
NH4SO4 or 15NH4SO4   3 g  
 
Deionized water (DI) to make 2 L 
 
D(+) glucose or  D(+) glucose (13C) 2 g 
MgSO4    6 mL 
CaCl2     0.3 mL 
 
DI to make 1 L 
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Appendix B 
 
DNA extraction protocol using FastDNA Spin Kit for Soil 
 
1) Filter sample onto polycarbonate filter and place filter into a Lysing Matrix E tube (or 
red capped tube with mix of 0.1-mm diameter zirconia/silica [Biospec] and 3-mm 
diameter glass beads [Fisher Scientific]). 
2) Add 978 μL sodium phosphate buffer to sample in Lysing Matrix E tube. 
3) Add 122 μL MT buffer. 
4) Homogenize in the FastPrep® 24 Instrument for 45 s at a speed setting of 6.0. Repeat 
step 4 a second time when using filters. 
5) Centrifuge at 14,000 g (relative centrifugal force [rcf]) for 15 min to pellet debris. 
6) Transfer supernatant to a clean 2.0 mL microcentrifuge tube. Add 250 μL PPS (Protein 
Precipitation Solution) and mix by shaking the tube by hand 10 times. 
7) Centrifuge at 14,000 g (rcf) for 5 min to pellet precipitate. Transfer supernatant to a 
clean 15-mL tube. 
8) Resuspend binding matrix suspension by vortexing it in the bottle and add 1.0 mL to 
supernatant from previous step in the 15-mL tube.  
9) Place the tubes in shaking tray and shake at 200 rpm for 15 min–1 h to allow binding 
of DNA. Centrifuge tubes at 1000 rpm for 1 min in the Eppendorf centrifuge to allow 
settling of silica matrix. 
10) Remove and discard all of the supernatant being careful to avoid settled binding 
matrix.  
11) Add 500 μL of SEWS-M (salt/ethanol wash solution) to each of the 15-mL tubes 
with the pellet inside. (Ensure that 100 mL of 100% ethanol has been added to the 
concentrated SEWS-M.) 
12) Vortex the tubes and transfer all of the mixture to a SPIN™ Filter and centrifuge at 
14,000 g for 1 min. Empty the catch tube. 
13) Repeat steps 11 and 12. 
14) Without the addition of any liquid, centrifuge at 14,000 g for 2 min to “dry” the 
matrix of residual wash solution. Discard the catch tube and place filter into a new 1.5 
mL microcentrifuge tube. 
15) Gently add 100 μL of DES (DNase/Pyrogen-Free Water) to the Binding Matrix 
(above the SPIN filter), incubate samples for 5 minutes at 55˚C in a heat block. 
16) Centrifuge at 14,000 g for 1 minute to bring the eluted DNA into the clean 
microcentrifuge tube. Discard the SPIN filter and place the DNA samples in -20˚C 
freezer after labeling tubes. 
 
 
 
 
 
 
 
 
 
Appendix C 
Data for Crumps Cave epikarst trace 
 
      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) Sample 
Q 
(L/s) C (ug/L) g Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
Injected   130.9 g 5.0E+10 microspheres 3.39E+11 cells 3.14E+11 cells 
0.00 05161100 0.790 3.54   0 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
0.25 05161130 0.454 9.02 3.68E-03             
0.50 05161145 0.366 8.34 2.75E-03             
0.75 05161200 0.375 9.65 3.25E-03 30 3.04E+04 2.52E+03 2.55E+06 0.00E+00 0.00E+00 
1.00 05161215 0.446 6.79 2.72E-03             
1.25 05161230 0.401 8.80 3.18E-03             
1.50 05161245 0.322 10.08 2.92E-03             
1.75 05161300 0.260 14.71 3.45E-03 44 4.09E+04 2.40E+02 2.25E+05 0.00E+00 0.00E+00 
2.00 05161315 0.203 18.04 3.29E-03             
2.25 05161330 0.174 14.75 2.31E-03             
2.50 05161345 0.149 28.41 3.81E-03             
2.75 05161400 0.137 48.21 5.94E-03 9865 4.87E+06 1.47E+05 7.25E+07 1.04E+05 5.13E+07 
3.00 05161415 0.126 72.81 8.23E-03 11575 1.31E+06         
3.25 05161430 0.109 80.48 7.93E-03 11010 1.08E+06         
3.50 05161445 0.108 89.49 8.71E-03             
3.75 05161500 0.102 97.15 8.92E-03 11675 2.14E+06 1.43E+05 3.94E+07 1.32E+05 3.64E+07 
4.25 05161530 0.090 97.51 1.59E-02 13925 2.27E+06         
4.50 05161545 0.088 98.50 7.83E-03 8835 7.02E+05         
4.75 05161600 0.086 95.67 7.42E-03 6970 5.41E+05 1.17E+05 1.82E+07 2.22E+05 3.44E+07 
5.00 05161615 0.082 92.09 6.81E-03 6075 4.49E+05         
5.25 05161630 0.078 88.11 6.21E-03 5035 3.55E+05         
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) Sample 
Q 
(L/s) C (ug/L) g Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
5.75 05161700 0.070 81.59 5.11E-03 2910 5.47E+05 3.86E+04 7.26E+06 1.29E+05 2.43E+07 
6.00 05161715 0.066 80.24 4.75E-03 3300           
6.25 05161730 0.065 81.14 4.76E-03 3010           
6.50 05161745 0.061 84.15 4.63E-03             
6.75 05161800 0.060 86.36 4.66E-03 2330 5.03E+05 7.46E+03 1.21E+06 4.42E+04 7.15E+06 
7.00 05161815 0.058 91.43 4.75E-03             
7.25 05161830 0.058 93.51 4.86E-03             
7.50 05161845 0.056 88.66 4.49E-03             
7.75 05161900 0.055 87.13 4.31E-03 1900 3.76E+05 4.58E+03 6.79E+05 4.32E+04 6.40E+06 
8.00 05161915 0.056 91.49 4.59E-03 1480 7.43E+04 1.40E+03 7.03E+04 2.59E+04 1.30E+06 
8.25 05161930 0.055 88.81 4.39E-03 1470 7.26E+04         
8.50 05161945 0.053 91.07 4.37E-03             
8.75 05162000 0.053 86.73 4.11E-03 1135 2.15E+05 5.65E+02 8.03E+04 2.28E+04 3.24E+06 
9.00 05162015 0.052 83.46 3.91E-03 950 4.45E+04 5.05E+02 2.37E+04 1.73E+04 8.10E+05 
9.25 05162030 0.052 82.08 3.84E-03 880 4.12E+04         
9.50 05162045 0.051 82.94 3.81E-03             
9.75 05162100 0.052 80.17 3.72E-03 995 1.84E+05 1.03E+03 1.43E+05 6.20E+04 8.62E+06 
10.00 05162115 0.051 82.31 3.75E-03 1040 4.74E+04         
10.25 05162130 0.050 77.56 3.51E-03 950 4.30E+04         
10.50 05162145 0.050 77.09 3.47E-03             
10.75 05162200 0.050 74.07 3.34E-03 1235 2.22E+05 2.59E+03 3.50E+05 1.56E+04 2.11E+06 
10.75 05162200ISCO 0.050 71.76 0.00E+00 855 1.54E+05         
11.75 05162300 0.050 66.88 1.19E-02 855 1.52E+05 0.00E+00 0.00E+00 2.73E+04 4.87E+06 
12.75 05162400 0.049 61.63 1.08E-02 1450 2.55E+05         
13.75 05170100 0.048 56.31 9.71E-03 1185 2.04E+05 1.27E+03 4.38E+05 3.26E+03 1.12E+06 
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) Sample 
Q 
(L/s) C (ug/L) g Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
15.75 05170300 0.045 53.57 8.63E-03 990 3.19E+05         
16.75 05170400 0.043 51.14 7.94E-03             
17.75 05170500 0.042 54.02 8.13E-03 830 2.50E+05 6.22E+02 9.36E+04 2.24E+03 3.37E+05 
18.75 05170600 0.041 43.84 6.44E-03             
19.75 05170700 0.040 42.15 6.01E-03 705 2.01E+05   5.14E+03 1.47E+06 
20.75 05170800 0.038 43.96 6.08E-03     5.62E+02 7.77E+04 2.43E+02 3.36E+04 
21.75 05170900 0.037 38.56 5.19E-03 605 1.63E+05         
22.75 05171000 0.037 37.82 4.99E-03             
23.75 05171100 0.036 37.44 4.83E-03 520 1.34E+05 1.66E+03 6.43E+05 6.47E+02 2.51E+05 
24.75 05171200 0.035 36.76 4.66E-03     1.42E+03 1.80E+05 5.87E+02 7.44E+04 
25.75 05171300 0.035 34.45 4.30E-03 445 1.11E+05         
26.75 05171400 0.034 31.54 3.91E-03 890 1.10E+05         
28.75 05171600 0.033 6.02 1.45E-03 260 6.26E+04 4.21E+02 2.03E+05 3.07E+02 1.48E+05 
29.75 05171700 0.033 3.64 4.31E-04 615 7.27E+04         
30.75 05171800 0.033 5.07 6.08E-04 540 6.47E+04         
31.75 05171900 0.044 4.01 6.34E-04 450 7.11E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
32.75 05172000 0.050 4.04 7.28E-04 490 8.83E+04         
33.75 05172100 0.050 4.43 7.98E-04 495 8.92E+04         
34.75 05172200 0.049 3.43 6.05E-04 870 1.54E+05         
35.75 05172300 0.047 1.51 2.56E-04 460 7.83E+04     
36.75 05172400 0.045 2.42 3.89E-04 830 1.33E+05 0.00E+00 0.00E+00 1.53E+02 2.46E+04 
37.75 05180100 0.043 1.68 2.61E-04 300 4.66E+04     
38.75 05180200 0.042 2.03 3.07E-04 730 1.10E+05         
39.75 05180300 0.041 1.28 1.88E-04 433 6.38E+04         
40.75 05180400 0.040 1.27 1.81E-04 800 1.14E+05         
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) Sample 
Q 
(L/s) C (ug/L) g Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
42.75 05180600 0.038 0.93 1.25E-04 850 1.15E+05         
43.75 05180700 0.037 0.91 1.20E-04 770 1.02E+05         
44.75 05180800 0.036 0.88 1.12E-04 650 8.33E+04 4.37E+02 1.68E+05 7.60E+02 2.92E+05 
45.75 05180900 0.035 1.75 2.19E-04 660 8.27E+04         
46.75 05181000 0.034 1.02 1.25E-04 650 7.98E+04         
47.75 05181100 0.033 1.23 1.48E-04 1080 1.30E+05         
48.75 05181200 0.033 0.53 6.20E-05 620           
49.75 05181300 0.032 1.57 1.83E-04 610 1.42E+05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
50.75 05181400 0.032 0.54 6.17E-05 610           
51.75 05181500 0.031 0.00 0.00E+00 650 1.47E+05         
52.75 05181600 0.031 0.62 6.96E-05 100   1.03E+03 3.47E+05 8.75E+01 2.95E+04 
54.75 05181800 0.031 0.00 0.00E+00 295 9.95E+04     
56.75 05182000 0.030 1.75 3.74E-04             
58.75 05182200 0.029 0.00 0.00E+00 430 1.80E+05         
60.75 05182400 0.029 2.13 4.41E-04             
62.75 05190200 0.028 1.29 2.62E-04             
64.75 05190400 0.028 0.00 0.00E+00 380 2.29E+05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
66.75 05190600 0.027 0.21 4.01E-05 355 6.91E+04         
68.75 05190800 0.026 0.23 4.38E-05             
70.75 05191000 0.026 0.00 0.00E+00 290 1.09E+05         
72.75 05191200 0.026 0.00 0.00E+00             
74.75 05191400 0.026 0.00 0.00E+00 365 1.35E+05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
76.75 05191600 0.026 1.82 3.35E-04             
78.75 05191800 0.025 0.45 8.17E-05 345 1.26E+05         
80.75 05192000 0.025 0.13 2.40E-05             
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) Sample 
Q 
(L/s) C (ug/L) g Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
84.75 05192400 0.025 1.14 2.03E-04             
86.75 05200200 0.025 0.00 0.00E+00 205 7.28E+04         
88.75 05200400 0.024 0.22 3.86E-05     1.40E+02 7.22E+04 2.15E+02 1.11E+05 
90.75 05200600 0.027 0.00 0.00E+00 340 1.33E+05     
92.75 05200800 0.023 0.00 0.00E+00             
94.75 05201000 0.023 0.03 4.56E-06 420 1.38E+05         
96.75 05201200 0.023 0.82 1.34E-04 215 3.54E+04         
100.75 05201600 0.023 0.00 0.00E+00 380 1.27E+05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
104.75 05202000 0.045 0.00 0.00E+00 160 1.03E+05         
108.75 05202400 0.033 0.00 0.00E+00 140 6.59E+04         
112.75 05210400 0.028 1.15 4.72E-04 280 1.14E+05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
116.75 05210800 0.026 0.18 6.65E-05 185 7.01E+04         
120.75 05211200 0.025 0.21 7.55E-05 210 7.68E+04         
124.75 05211600 0.025 0.00 0.00E+00 200 7.10E+04         
128.75 05212000 0.023 0.00 0.00E+00 235 7.88E+04 4.52E+02 6.06E+05 0.00E+00 0.00E+00 
132.75 05212400 0.022 0.00 0.00E+00 215 6.88E+04         
136.75 05220400 0.022 0.04 1.26E-05 265 8.32E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
140.75 05220800 0.021 0.13 4.03E-05 200 6.09E+04         
144.75 05221200 0.021 0.00 0.00E+00 95 2.83E+04         
148.75 05221600 0.021 0.00 0.00E+00 170 5.12E+04         
152.75 05222000 0.020 0.00 0.00E+00 220 6.48E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
156.75 05222400 0.020 0.00 0.00E+00 215 6.19E+04         
160.75 05230400 0.020 0.00 0.00E+00 210 6.05E+04 1.49E+02 8.58E+04 0.00E+00 0.00E+00 
164.75 05230800 0.019 0.00 0.00E+00 195 5.34E+04         
168.75 05231200 0.019 0.00 0.00E+00 230 6.22E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) Sample 
Q 
(L/s) C (ug/L) g Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
176.75 05232000 0.019 0.00 0.00E+00 170 4.59E+04         
180.75 05232400 0.019 0.00 0.00E+00 205 5.47E+04         
184.75 05240400 0.018 0.00 0.00E+00 170 4.40E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
188.75 05240800 0.017 0.00 0.00E+00 185 4.65E+04         
238.75 05261000 0.017 0.00 0.00E+00 255 7.88E+05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
246.75 05261800 0.050 0.66 9.58E-04             
254.75 05270200 0.035 0.59 5.93E-04             
262.75 05271000 0.027 0.00 0.00E+00 240 5.50E+05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
270.75 05271800 0.059 68.67 1.16E-01 26300 4.45E+07 6.93E+04 1.17E+08 4.37E+05 7.40E+08 
278.75 05280200 0.049 34.14 4.86E-02 1700 2.42E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
286.75 05281000 0.048 6.30 8.80E-03             
294.75 05281800 0.045 4.58 5.94E-03 570 1.48E+06         
302.75 05290200 0.040 3.06 3.56E-03             
310.75 05291000 0.037 2.74 2.89E-03             
322.75 05292200 0.050 2.71 5.81E-03     8.90E+02 7.00E+06 1.43E+02 1.12E+06 
334.75 05301000 0.047 8.51 1.72E-02 240 1.62E+06 2.65E+03 5.37E+06 8.78E+01 1.78E+05 
346.75 05302200 0.048 5.23 1.09E-02 180 3.75E+05         
358.75 05311000 0.041 2.75 4.89E-03 360 6.40E+05 2.52E+02 8.95E+05 9.38E+01 3.33E+05 
370.75 05312200 0.038 2.08 3.38E-03 410 6.67E+05         
382.75 06011000 0.050 2.29 4.92E-03 630 1.35E+06 8.43E+02 3.62E+06 0.00E+00 0.00E+00 
394.75 06012200 0.049 1.71 3.61E-03 360 7.58E+05         
406.75 06021000 0.047 2.08 4.26E-03     3.73E+02 1.53E+06 0.00E+00 0.00E+00 
418.75 06022200 0.048 1.55 3.22E-03             
430.75 06031000 0.048 2.18 4.57E-03             
454.75 06041000 0.019 2.31 3.74E-03 150 6.08E+05         
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) Sample 
Q 
(L/s) C (ug/L) g Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
502.75 06061000 0.015 1.69 2.15E-03 70 8.93E+04 1.17E+03 5.97E+06 0.00E+00 0.00E+00 
526.75 06071000 0.014 1.67 1.98E-03 110 1.31E+05         
550.75 06081000 0.013 1.54 1.73E-03 260 2.92E+05 1.21E+02 2.72E+05 9.16E+01 2.06E+05 
574.75 06091000 0.049   0.00E+00 65 2.75E+05         
598.75 06101000 0.049 0.66 2.80E-03 50 2.12E+05         
622.75 06111000 0.049 1.88 7.99E-03 70 2.97E+05         
646.75 06121000 0.049 0.88 3.76E-03 30 1.28E+05         
670.75 06131000 0.049 1.55 6.63E-03 60 2.56E+05         
694.75 06141000 0.041 1.46 5.22E-03 50 1.79E+05 7.04E+03 1.51E+08 0.00E+00 0.00E+00 
718.75 06151000 0.041 1.14 4.04E-03 80 2.83E+05         
742.75 06161000 0.046 0.55 2.20E-03             
766.75 06171000 0.048 0.47 1.93E-03 90 7.45E+05         
790.75 06181000 0.048 0.85 3.51E-03 70 2.90E+05         
814.75 06191000 0.049 4.20 1.77E-02 100 4.21E+05         
838.75 06201000 0.052 1.67 7.45E-03 70 3.12E+05         
862.75 06211000 0.049 0.03 1.21E-04 110 4.64E+05         
886.75 06221000 0.049 1.91 8.16E-03 90 3.84E+05         
910.75 06231000 0.049 1.51 6.37E-03 90 3.80E+05 9.90E+02 3.76E+07 0.00E+00 0.00E+00 
934.75 06241000 0.049 1.03 4.32E-03 140 5.89E+05 1.84E+03 7.74E+06 8.28E+01 3.48E+05 
958.75 06251000 0.049 2.06 8.65E-03 70 2.94E+05         
982.75 06261000 0.051 5.14 2.27E-02 140 6.17E+05         
1006.75 06271000 0.050 7.02 3.02E-02 160 6.89E+05         
1030.75 06281000 0.039 4.85 1.65E-02 110 3.75E+05         
1054.75 06291000 0.029 3.62 8.98E-03 110 2.73E+05         
1078.75 06301000 0.022 1.58 3.04E-03 110 2.11E+05         
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) Sample 
Q 
(L/s) C (ug/L) g Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
1126.75 07021000 0.208 10.08 1.81E-01 530 9.50E+06 2.16E+02 3.87E+06 0.00E+00 0.00E+00 
1150.75 07031000 0.336 4.98 1.44E-01 210 6.09E+06 3.71E+02 1.08E+07 0.00E+00 0.00E+00 
1174.75 07041000 0.090 3.83 2.99E-02 160 1.25E+06         
1198.75 07051000 0.067 2.52 1.45E-02 130 7.48E+05         
1222.75 07061000 0.052 3.30 1.47E-02 130 5.79E+05 9.07E+02 1.21E+07 0.00E+00 0.00E+00 
1246.75 07071000 0.057 2.64 1.30E-02 150 7.35E+05         
1270.75 07081000 0.322 5.82 1.62E-01 260 7.22E+06 1.32E+02 7.33E+06 3.23E+01 1.79E+06 
1294.75 07091000 0.102 1.68 1.48E-02 115 1.01E+06         
1318.75 07101000 0.134 2.61 3.02E-02 175 2.03E+06         
1342.75 07111000 0.218 3.78 7.11E-02 110 2.07E+06         
1366.75 07121000 0.100 3.30 2.84E-02 95 8.18E+05         
1390.75 07131000 0.070 1.03 6.18E-03 95 5.72E+05 6.41E+02 1.93E+07 0.00E+00 0.00E+00 
1414.75 07141000 0.056 0.00 0.00E+00 50 2.41E+05         
1438.75 07151000 0.053 1.44 6.65E-03 55 2.53E+05         
1462.75 07161000 0.050 0.00 0.00E+00 60 2.58E+05         
1486.75 07171000 0.049 0.50 2.08E-03 70 2.94E+05         
1510.75 07181000 0.044 0.66 2.51E-03 80 3.03E+05 4.17E+02 7.91E+06 2.91E+01 5.52E+05 
1534.75 07191000 0.040 1.16 4.03E-03 30 1.04E+05         
1558.75 07201000 0.037 0.70 2.22E-03 30 9.57E+04         
1582.75 07211000 0.055 0.17 7.84E-04 50 2.37E+05         
1606.75 07221000 0.044 0.22 8.53E-04 115 4.40E+05         
1630.75 07231000 0.036 0.00 0.00E+00 40 1.24E+05         
1654.75 07241000 0.032 0.00 0.00E+00 30 8.29E+04 6.73E+02 1.12E+07 0.00E+00 0.00E+00 
1678.75 07251000 0.054 0.00 0.00E+00 60 2.80E+05         
1702.75 07261000 0.053 0.32 1.46E-03 25 1.15E+05         
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) Sample 
Q 
(L/s) C (ug/L) g Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
1750.75 07281000 0.054 0.61 2.85E-03 20 9.35E+04         
1774.75 07291000 0.021 1.15 1.45E-02 60 7.59E+05         
1942.75 08051000 0.019 5.30 5.93E-02 145 1.62E+06         
2110.75 08121000 0.015 4.20 3.91E-02 75 6.99E+05         
2278.75 08191000 0.002 3.70 5.55E-03 105 1.57E+05         
2446.75 08261000 0.003 2.40 4.14E-03 65 1.12E+05         
2614.75 09021000 0.002 0.00 0.00E+00 130 1.46E+05         
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Appendix D 
Data for karst aquifer trace sampled at Royal Spring 
 
 
    Rhodamine WT Microspheres kps E. coli iha E. coli 
Time (h) Q (L/s) C (ug/L) g Rhodamine C (microspheres/L) Microspheres 
C 
(kps/L) kps C (iha/L) iha  
Injected 357 g 1.37E+13 Microspheres 1.35E+13 cells 3.98E+12 cells 
0.00 45.31 0 0.00E+00  0.00E+00 0.00E+00 BDL BDL BDL BDL 
8.00 36.81 0 0.00E+00 0.00E+00 0.00E+00 BDL BDL BDL BDL 
10.00 48.14 0 0.00E+00             
12.00 39.64 0 0.00E+00 0.00E+00 0.00E+00         
13.00 73.62 0 0.00E+00     BDL BDL BDL BDL 
16.00 152.91 0 0.00E+00 0.00E+00 0.00E+00         
18.00 152.91 0 0.00E+00             
20.00 87.78 0 0.00E+00 0.00E+00 0.00E+00         
21.00 56.63 0 0.00E+00 0.00E+00 0.00E+00         
22.00 48.14 0 0.00E+00 0.00E+00 0.00E+00 BDL BDL BDL BDL 
23.00 42.48 0 0.00E+00 0.00E+00 0.00E+00         
24.00 33.98 0 0.00E+00 0.00E+00 0.00E+00         
25.00 31.15 0 0.00E+00 0.00E+00 0.00E+00         
26.00 28.32 0 0.00E+00 0.00E+00 0.00E+00         
27.00 28.32 0 0.00E+00 0.00E+00 0.00E+00         
28.00 28.32 0 0.00E+00 0.00E+00 0.00E+00         
29.00 26.90 0 0.00E+00 0.00E+00 0.00E+00         
30.00 25.77 0 0.00E+00 0.00E+00 0.00E+00         
31.00 25.77 0 0.00E+00 1.00E+01 9.28E+05 BDL BDL BDL BDL 
32.00 24.64 0 0.00E+00 2.00E+01 1.77E+06 7.84E+02 6.95E+07 BDL BDL 
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    Rhodamine WT Microspheres kps E. coli iha E. coli 
Time (h) Q (L/s) C (ug/L) g Rhodamine C (microspheres/L) Microspheres 
C 
(kps/L) kps C (iha/L) iha  
32.50 24.64 0 0.00E+00 2.00E+01 8.87E+05 BDL BDL BDL BDL 
33.00 23.50 0 0.00E+00 2.00E+01 8.46E+05         
33.25 23.50 0 0.00E+00     2.59E+02 1.64E+07 1.32E+03 2.79E+07 
34.00 25.77 0 0.00E+00 2.00E+01 6.31E+07 8.21E+02 5.71E+07 BDL BDL 
35.00 25.77 0 0.00E+00 1.50E+01 1.39E+06 6.91E+02 6.41E+07 1.53E+02 1.42E+07 
35.25 25.77 0 0.00E+00     7.46E+02 1.73E+07 BDL BDL 
36.00 24.64 0 0.00E+00 1.20E+02 1.06E+07         
36.75 25.77 0 0.00E+00     1.64E+02 2.28E+07 BDL BDL 
37.00 31.15 0 0.00E+00 0.00E+00 0.00E+00 8.56E+02 2.40E+07 BDL BDL 
38.00 84.95 0 0.00E+00 2.00E+01 6.12E+06         
39.00 124.59 0 0.00E+00 1.00E+01 4.49E+06         
39.50 133.09 0 0.00E+00     2.21E+02 1.59E+08 BDL BDL 
40.00 135.92 0 0.00E+00 1.30E+02 6.36E+07 6.66E+02 1.63E+08 3.43E+03 8.39E+08 
41.00 141.58 0 0.00E+00 9.00E+01 4.59E+07         
41.50 141.58 0 0.00E+00 4.00E+01 1.02E+07         
42.00 141.58 0 0.00E+00 1.80E+02 4.59E+07 3.34E+02 3.40E+08 BDL BDL 
43.00 84.95 0 0.00E+00 6.00E+01 1.83E+07         
43.50 65.13 0 0.00E+00 2.50E+01 2.93E+06 1.98E+02 6.96E+07 1.80E+03 6.33E+08 
44.00 53.80 0 0.00E+00 1.20E+02 1.16E+07         
45.50 33.98 0 0.00E+00     2.57E+02 6.29E+07 0.00E+00 0.00E+00 
46.00 28.32 0 0.00E+00 6.00E+01 1.22E+07         
47.00 26.90 0 0.00E+00 2.00E+01 1.94E+06         
48.00 23.50 0 0.00E+00 4.00E+01 3.38E+06 3.25E+02 6.87E+07 BDL BDL 
49.00 21.24 0 0.00E+00 4.00E+01 3.06E+06         
50.00 20.39 0 0.00E+00 1.00E+02 7.34E+06         
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    Rhodamine WT Microspheres kps E. coli iha E. coli 
Time (h) Q (L/s) C (ug/L) g Rhodamine C (microspheres/L) Microspheres 
C 
(kps/L) kps C (iha/L) iha  
51.50 19.26 0 0.00E+00     1.50E+02 2.60E+07 BDL BDL 
52.00 19.26 0 0.00E+00 6.00E+01 8.32E+06         
53.00 18.41 0 0.00E+00 3.00E+01 1.99E+06         
54.00 17.56 0 0.00E+00 1.90E+02 1.20E+07 6.11E+02 9.65E+07 BDL BDL 
55.00 16.99 0 0.00E+00 9.00E+01 5.50E+06         
55.50 16.99 0 0.00E+00 8.50E+01 2.60E+06 2.77E+02 2.54E+07 BDL BDL 
56.00 16.99 0 0.00E+00 1.60E+02 4.89E+06         
57.00 16.99 0 0.00E+00             
58.00 18.41 0 0.00E+00             
59.00 17.56 0.48 3.28E-02 4.86E+03 9.22E+08         
60.00 16.99 0.45 3.11E-02     1.27E+04 3.11E+09 1.32E+04 3.23E+09 
61.00 21.24 0.01 7.65E-04             
62.00 67.96 0.05 1.22E-02         1.21E+03 5.92E+08 
63.00 104.77 1.95 7.36E-01 5.27E+04 7.94E+10 9.62E+03 3.63E+09 2.24E+03 8.45E+08 
64.00 124.59 4.35 1.95E+00 5.79E+04 2.60E+10         
65.00 133.09 4 1.92E+00             
66.00 133.09 2.25 1.08E+00     5.57E+02 8.01E+08 BDL BDL 
67.00 67.96 5.5 1.35E+00 8.93E+04 6.56E+10         
68.00 42.48 5 7.65E-01 1.20E+05 1.83E+10 6.68E+04 2.04E+10 3.44E+04 1.05E+10 
69.00 28.32 9.05 9.23E-01             
70.00 23.50 2.4 2.03E-01             
71.00 21.24 4.95 3.78E-01 5.64E+04 1.29E+10 4.36E+03 1.00E+09 1.58E+03 3.62E+08 
72.00 20.39 6.7 4.92E-01 1.10E+05 8.07E+09 7.22E+04 5.30E+09 5.04E+04 3.70E+09 
73.00 18.41 3.15 2.09E-01             
74.00 16.99 6.75 4.13E-01             
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    Rhodamine WT Microspheres kps E. coli iha E. coli 
Time (h) Q (L/s) C (ug/L) g Rhodamine C (microspheres/L) Microspheres 
C 
(kps/L) kps C (iha/L) iha  
75.00 15.57 3.25 1.82E-01 5.03E+04 8.46E+09 1.88E+03 2.11E+08 8.82E+02 9.89E+07 
76.00 15.01 4.1 2.22E-01 6.38E+04 3.45E+09 2.58E+04 1.39E+09 1.04E+04 5.62E+08 
77.00 14.44 2.15 1.12E-01             
78.00 13.31 4.05 1.94E-01             
79.00 12.74 5 2.29E-01             
80.00 12.18 2.55 1.12E-01 5.15E+04 9.03E+09 1.54E+04 2.70E+09 1.00E+04 1.75E+09 
81.00 11.61 1.4 5.85E-02 2.05E+04 8.56E+08         
82.00 11.61 0.15 6.27E-03     BDL BDL BDL BDL 
84.00 12.18 0 0.00E+00 2.39E+04 3.15E+09 3.30E+03 2.89E+08 1.41E+03 1.24E+08 
85.00 12.18 0 0.00E+00 1.97E+04 8.62E+08         
88.00 110.44 0 0.00E+00 1.65E+04 1.97E+10 1.64E+03 1.96E+09 1.53E+03 1.82E+09 
89.00 121.76 0 0.00E+00 7.93E+03 3.48E+09         
92.00 39.64 0 0.00E+00 1.37E+04 5.86E+09 8.69E+02 3.72E+08 BDL BDL 
93.00 25.77 0 0.00E+00 6.70E+03 6.22E+08         
96.00 14.44 0 0.00E+00 8.41E+03 1.31E+09         
97.00 12.74 0 0.00E+00 2.72E+03 1.25E+08 BDL BDL BDL BDL 
100.00 9.34 0 0.00E+00 9.17E+03 9.25E+08 7.78E+02 7.85E+07 BDL BDL 
101.00 8.50 0 0.00E+00 3.46E+03 1.06E+08         
104.00 7.36 0 0.00E+00 5.38E+03 4.28E+08         
106.00 6.23 0 0.00E+00 2.67E+03 1.20E+08         
112.00 110.44 0 0.00E+00 4.34E+03 1.04E+10 BDL BDL BDL BDL 
124.00 5.95 0 0.00E+00 2.83E+03 7.27E+08 BDL BDL BDL BDL 
132.00 2.55 0 0.00E+00 2.57E+03 1.89E+08         
140.00 33.98 0 0.00E+00 2.26E+03 2.21E+09 BDL BDL BDL BDL 
148.00 5.10 0 0.00E+00 1.45E+03 2.13E+08         
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    Rhodamine WT Microspheres kps E. coli iha E. coli 
Time (h) Q (L/s) C (ug/L) g Rhodamine C (microspheres/L) Microspheres 
C 
(kps/L) kps C (iha/L) iha  
152.00 2.55 0 0.00E+00     BDL BDL BDL BDL 
160.00 73.62 0 0.00E+00 1.79E+03 5.69E+09         
168.00 7.65 0 0.00E+00     BDL BDL 1.81E+03 7.97E+08 
176.00 1.70 0 0.00E+00 3.00E+02 2.94E+07         
198.00 6.80 0 0.00E+00 9.60E+02 5.17E+08         
204.00 101.94 0 0.00E+00             
214.00 84.95 0 0.00E+00             
216.00 76.46 0 0.00E+00 8.80E+02 4.36E+09 BDL BDL BDL BDL 
218.00 73.62 0 0.00E+00             
220.00 67.96 0 0.00E+00             
222.00 67.96 0 0.00E+00 8.10E+02 1.19E+09 4.11E+02 6.03E+08 BDL BDL 
224.00 65.13 0 0.00E+00             
226.00 62.30 0 0.00E+00             
228.00 62.30 0 0.00E+00 1.02E+03 1.37E+09 BDL BDL BDL BDL 
230.00 158.57 0 0.00E+00             
234.00 181.23 0 0.00E+00             
236.00 79.29 0 0.00E+00 8.70E+02 1.99E+09 BDL BDL BDL BDL 
238.00 65.13 0 0.00E+00             
240.00 56.63 0 0.00E+00 9.20E+02 7.50E+08 BDL BDL 7.63E+02 6.22E+08 
242.00 53.80 0 0.00E+00             
244.00 48.14 0 0.00E+00             
246.00 48.14 0 0.00E+00     BDL BDL 1.71E+03 1.78E+09 
248.00 48.14 0 0.00E+00 2.91E+04 4.04E+10 4.22E+02 1.46E+08 BDL BDL 
252.00 48.14 0 0.00E+00             
260.00 87.78 0 0.00E+00             
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    Rhodamine WT Microspheres kps E. coli iha E. coli 
Time (h) Q (L/s) C (ug/L) g Rhodamine C (microspheres/L) Microspheres 
C 
(kps/L) kps C (iha/L) iha  
264.00 99.11 0 0.00E+00 2.28E+03 1.30E+10 BDL BDL BDL BDL 
268.00 133.09 0 0.00E+00             
272.00 339.80 0 0.00E+00     2.63E+02 2.57E+09 BDL BDL 
276.00 792.87 0 0.00E+00     BDL BDL 1.51E+04 1.72E+11 
280.00 1132.67 0 0.00E+00 2.05E+03 1.34E+11         
284.00 1047.72 0.6 2.26E+00     1.52E+04 4.59E+11 2.77E+03 8.36E+10 
288.00 1274.26 0 0.00E+00 4.74E+03 1.74E+11         
292.00 1529.11 2.05 1.13E+01             
296.00 1557.43 3.35 1.88E+01 7.40E+02 3.32E+10         
300.00 1529.11 1.8 9.91E+00             
304.00 1529.11 2 1.10E+01 6.30E+02 2.77E+10 BDL BDL BDL BDL 
308.00 1217.62 2.7 1.18E+01             
312.00 991.09 2.65 9.45E+00 8.30E+02 2.37E+10         
316.00 906.14 0.8 2.61E+00             
320.00 821.19 1.4 4.14E+00 7.20E+02 1.70E+10         
324.00 736.24 0.05 1.33E-01             
328.00 877.82 0.8 2.53E+00 6.60E+02 1.67E+10         
332.00 651.29 0.1 2.34E-01             
336.00 622.97 0 0.00E+00 6.10E+02 1.09E+10         
340.00 594.65 0 0.00E+00             
344.00 538.02 0 0.00E+00     BDL BDL BDL BDL 
356.00 453.07 0 0.00E+00             
368.00 396.44 0 0.00E+00 5.20E+02 2.37E+10         
380.00 424.75 0 0.00E+00             
392.00 396.44 0 0.00E+00             
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    Rhodamine WT Microspheres kps E. coli iha E. coli 
Time (h) Q (L/s) C (ug/L) g Rhodamine C (microspheres/L) Microspheres 
C 
(kps/L) kps C (iha/L) iha  
404.00 339.80 0 0.00E+00             
416.00 311.49 0 0.00E+00 2.40E+02 1.29E+10         
428.00 396.44 0 0.00E+00             
440.00 229.37 0 0.00E+00             
452.00 218.04 0 0.00E+00             
476.00 212.38 0 0.00E+00             
500.00 481.39 0 0.00E+00     2.55E+03 6.89E+11 BDL BDL 
524.00 679.60 2.1 1.23E+02             
548.00 566.34 0 0.00E+00             
572.00 339.80 0 0.00E+00 4.50E+02 8.59E+10         
596.00 368.12 0 0.00E+00             
620.00 249.19 0 0.00E+00 2.00E+02 8.61E+09         
644.00 311.49 0 0.00E+00             
668.00 254.85 0 0.00E+00             
692.00 186.89 0 0.00E+00             
716.00 181.23 0 0.00E+00 4.00E+01 2.51E+09 BDL BDL BDL BDL 
740.00 195.39 0 0.00E+00             
764.00 141.58 0 0.00E+00             
812.00 934.46 0 0.00E+00     1.27E+04 4.10E+12 2.69E+04 2.17E+12 
956.00 254.85 0 0.00E+00 1.80E+02 2.38E+10         
980.00 311.49 0 0.00E+00             
1004.00 195.39 0 0.00E+00             
1028.00 283.17 0 0.00E+00 8.00E+01 5.87E+09         
1052.00 424.75 0 0.00E+00             
1076.00 481.39 0 0.00E+00             
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    Rhodamine WT Microspheres kps E. coli iha E. coli 
Time (h) Q (L/s) C (ug/L) g Rhodamine C (microspheres/L) Microspheres 
C 
(kps/L) kps C (iha/L) iha  
1100.00 2831.68 0 0.00E+00 5.60E+02 4.11E+11         
1124.00 1415.84 0 0.00E+00     BDL BDL BDL BDL 
1148.00 1104.36 0 0.00E+00             
1172.00 1359.21 0 0.00E+00 2.30E+02 8.10E+10         
1196.00 1330.89 0 0.00E+00             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
85 
 
 
Appendix E 
Data for karst aquifer trace sampled at Well 20 at the Kentucky Horse Park 
 
      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) 
Stage 
(ft.) Q (L/s) 
C (ug/L) 
SCUFA 
g 
Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
Injected 357 g 1.37E+13 Microspheres 1.35E+13 cells 3.98E+12 cells 
0.00 2.19 62.29 0.76 4.73E-05 0.00E+00 0.00E+00         
1.00 2.19 62.29 0.49 1.10E-01 0.00E+00 0.00E+00         
2.00 2.19 62.29 0.23 5.16E-02 0.00E+00 0.00E+00 BDL BDL BDL BDL 
3.00 2.19 62.29 0.37 8.30E-02 0.00E+00 0.00E+00         
3.50 2.19 62.29 0.13 1.46E-02     BDL BDL BDL BDL 
4.00 2.18 61.43 0.14 1.55E-02 0.00E+00 0.00E+00 BDL BDL BDL BDL 
5.00 2.18 61.43 0.15 0.00E+00     BDL BDL BDL BDL 
5.50 2.17 60.57 0.17 1.85E-02             
6.00 2.17 60.57 0.15 1.64E-02 5.00E+02 5.45E+07 BDL BDL BDL BDL 
7.00 2.16 59.71 0.1 0.00E+00 1.00E+02 2.15E+07         
7.50 2.16 58.86 0.06 6.36E-03     BDL BDL BDL BDL 
8.00 2.16 58.86 0.01 1.06E-03 4.50E+02 4.77E+07         
9.00 2.15 58.00 0.53 0.00E+00 2.00E+02 4.18E+07         
10.00 2.15 58.00 2.05 4.28E-01 4.00E+02 8.35E+07 1.09E+03 2.28E+08 BDL BDL 
10.50 2.15 58.00 3.95 4.12E-01             
11.00 2.15 58.00 7.27 7.59E-01             
12.00 2.15 58.00 11.74 2.45E+00 3.88E+04 8.10E+09 BDL BDL BDL BDL 
12.50 2.15 58.00 13.16 1.37E+00             
13.00 2.14 57.14 13.7 1.41E+00 9.20E+04 9.46E+09         
14.00 2.14 57.14 14.31 2.94E+00 9.87E+04 2.03E+10 5.19E+02 1.07E+08 BDL BDL 
14.50 2.14 57.14 13.91 1.43E+00             
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) 
Stage 
(ft.) Q (L/s) 
C (ug/L) 
SCUFA 
g 
Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
15.00 2.14 57.14 14.37 1.48E+00     BDL BDL BDL BDL 
16.00 2.14 57.14 13.91 2.86E+00 1.42E+05 2.92E+10 8.16E+02 1.68E+08 BDL BDL 
16.50 2.13 56.30 13.56 1.37E+00             
17.00 2.13 56.30 13.63 1.38E+00             
18.00 2.13 56.30 12.65 2.56E+00 1.14E+05 2.30E+10         
18.50 2.13 56.30 12.19 1.24E+00             
19.00 2.13 56.30 12 1.22E+00             
20.00 2.13 56.30 10.78 2.18E+00 1.13E+05 2.29E+10         
21.00 2.13 56.30 10.13 2.05E+00 1.19E+05 2.42E+10         
22.00 2.13 56.30 9.36 1.90E+00             
23.00 2.13 56.30 8.63 1.75E+00             
24.00 2.13 56.30 7.99 1.62E+00 6.18E+04 1.25E+10 BDL BDL BDL BDL 
25.00 2.13 56.30 7.23 1.47E+00 9.17E+04 1.86E+10 4.76E+02 9.65E+07 BDL BDL 
26.00 2.13 56.30 6.97 1.41E+00             
27.00 2.12 55.44 6.56 1.31E+00             
28.00 2.13 56.30 5.97 1.21E+00 6.77E+04 1.37E+10         
29.00 2.12 55.44 5.48 1.09E+00 7.69E+04 1.53E+10         
30.00 2.12 55.44 5.35 1.07E+00             
31.00 2.11 54.58 4.81 9.45E-01             
32.00 2.11 54.58 4.49 8.82E-01 5.60E+04 1.10E+10 9.48E+02 1.86E+08 BDL BDL 
32.50 2.10 52.87 4.48 4.26E-01             
33.00 2.10 52.87 4.22 4.02E-01 5.85E+04 5.57E+09         
33.25 2.10 52.87 4.23 2.01E-01             
34.00 2.10 52.87 3.98 5.68E-01             
35.00 2.10 52.87 4.38 8.34E-01             
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) 
Stage 
(ft.) Q (L/s) 
C (ug/L) 
SCUFA 
g 
Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
35.25 2.10 52.87 4.1 1.95E-01             
36.00 2.10 52.87 3.82 5.45E-01 4.64E+04 6.62E+09 7.40E+02 1.06E+08 BDL BDL 
36.75 2.10 52.87 3.51 5.01E-01             
37.00 2.10 52.87 3.48 1.66E-01 4.17E+04 1.98E+09         
38.00 2.10 52.87 3.77 7.18E-01             
39.00 2.09 52.01 3.2 5.99E-01     BDL BDL BDL BDL 
39.50 2.09 52.01 3.03 2.84E-01             
40.00 2.09 52.01 2.9 2.71E-01 4.84E+04 4.53E+09 7.06E+02 6.61E+07 BDL BDL 
41.00 2.09 52.01 2.95 5.52E-01 3.42E+04 6.40E+09         
41.50 2.09 52.01 2.96 2.77E-01             
42.00 2.09 52.01 2.74 2.57E-01             
43.00 2.09 52.01 2.59 4.85E-01             
43.50 2.09 52.01 2.49 2.33E-01             
44.00 2.09 52.01 2.68 2.51E-01 2.06E+04 1.93E+09 1.16E+03 1.09E+08 BDL BDL 
45.00 2.10 52.87 2.1 4.00E-01             
45.50 2.10 52.87 2.78 2.65E-01             
46.00 2.10 52.87 2.32 2.21E-01 2.38E+04 2.26E+09 2.26E+02 2.15E+07 5.99E+02 5.70E+07 
47.00 2.09 52.01 1.91 3.58E-01             
47.50 2.09 52.01 2.06 1.93E-01             
48.00 2.09 52.01 2.18 2.04E-01             
49.00 2.09 52.01 1.93 3.61E-01             
50.00 2.10 52.87 1.76 3.35E-01             
51.00 2.09 52.01 2.035 3.81E-01             
51.50 2.10 52.87 1.47 1.40E-01             
52.00 2.09 52.01 1.74 1.63E-01 1.43E+04 1.34E+09 7.45E+02 6.97E+07 BDL BDL 
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) 
Stage 
(ft.) Q (L/s) 
C (ug/L) 
SCUFA 
g 
Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
53.00 2.09 52.01 1.75 3.28E-01             
54.00 2.08 51.15 1.44 2.65E-01 1.14E+04 2.09E+09 BDL BDL BDL BDL 
55.00 2.08 51.15 1.4 2.58E-01             
55.50 2.08 51.15 1.67 1.54E-01             
56.00 2.08 51.15 1.72 1.58E-01             
57.00 2.08 51.15 1.11 2.04E-01             
58.00 2.08 51.15 1.53 2.82E-01             
59.00 2.08 51.15 1.43 2.63E-01             
60.00 2.08 51.15 1.22 2.25E-01 7.53E+03 1.39E+09         
61.00 2.08 51.15 1.23 2.27E-01             
62.00 2.08 51.15 1.1 2.03E-01 1.18E+04 2.18E+09         
63.00 2.07 50.30 1.06 1.92E-01             
64.00 2.07 50.30 0.97 1.76E-01             
65.00 2.07 50.30 0.92 1.67E-01             
66.00 2.07 50.30 1.04 1.88E-01             
67.00 2.07 50.30 0.84 1.52E-01             
68.00 2.08 51.15 0.95 1.75E-01 6.10E+03 1.12E+09 BDL BDL BDL BDL 
69.00 2.08 51.15 0.88 1.62E-01             
70.00 2.08 51.15 0.96 1.77E-01             
71.00 2.08 51.15 0.58 1.07E-01             
72.00 2.08 51.15 0.48 8.84E-02 5.74E+03 1.06E+09         
73.00 2.08 51.15 0.63 1.16E-01             
74.00 2.08 51.15 0.85 1.57E-01             
75.00 2.08 51.15 0.8 1.47E-01             
76.00 2.08 51.15 0.4 7.37E-02             
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) 
Stage 
(ft.) Q (L/s) 
C (ug/L) 
SCUFA 
g 
Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
77.00 2.08 51.15 0.7 1.29E-01             
78.00 2.07 50.30 0.71 1.29E-01             
79.00 2.07 50.30 0.55 9.96E-02             
80.00 2.07 50.30 0.63 1.14E-01 6.02E+03 1.09E+09         
81.00 2.07 50.30 0.47 8.51E-02             
82.00 2.07 50.30 0.76 1.38E-01             
83.00 2.07 50.30 0.39 7.06E-02             
84.00 2.07 50.30 0.56 1.01E-01             
85.00 2.07 50.30 0.73 1.32E-01             
86.00 2.07 50.30 0.26 4.71E-02             
87.00 2.07 50.30 0.15 2.72E-02             
88.00 2.06 49.44 0.08 1.42E-02 4.98E+03 8.86E+08 BDL BDL BDL BDL 
89.00 2.06 49.44 0.52 9.25E-02             
90.00 2.06 49.44 0.57 1.01E-01             
91.00 2.06 49.44 0.46 8.19E-02             
92.00 2.06 49.44 0.32 5.70E-02             
93.00 2.06 49.44 0.32 5.70E-02             
94.00 2.06 49.44 0.39 6.94E-02             
95.00 2.06 49.44 0.37 6.59E-02             
96.00 2.06 49.44 0 0.00E+00             
97.00 2.06 49.44 0 0.00E+00             
98.00 2.06 49.44 0.36 6.41E-02 4.86E+03 8.65E+08         
99.00 2.07 50.30 0.14 2.53E-02             
100.00 2.06 49.44 0.07 1.25E-02             
101.00 2.06 49.44 0.2 3.56E-02             
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) 
Stage 
(ft.) Q (L/s) 
C (ug/L) 
SCUFA 
g 
Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
102.00 2.06 49.44 0.11 1.96E-02             
103.00 2.05 48.59 0 0.00E+00             
104.00 2.05 48.59 0.01 1.75E-03             
106.00 2.05 48.59 0.14 4.90E-02             
108.00 2.04 46.88 0.06 2.03E-02             
110.00 2.04 47.73 0 0.00E+00             
112.00 2.04 46.88 0.05 1.69E-02             
114.00 2.03 46.02 0.08 2.65E-02             
116.00 2.04 46.88   0.00E+00 2.71E+03 9.15E+08         
138.00 2.03 46.02   0.00E+00             
140.00 2.03 46.02   0.00E+00 2.54E+03 8.42E+08 BDL BDL BDL BDL 
160.00 2.03 46.02   0.00E+00             
164.00 2.03 46.02   0.00E+00 2.14E+03 1.42E+09         
168.00 2.04 46.88   0.00E+00             
172.00 2.04 46.88   0.00E+00             
176.00 2.02 45.16   0.00E+00             
180.00 2.02 45.16   0.00E+00             
186.00 2.05 48.59   0.00E+00             
187.00 2.06 49.44 0.27 4.81E-02 2.38E+03 4.24E+08         
188.00 2.06 49.44 0.35 6.23E-02             
189.00 2.06 49.44 0.23 4.09E-02 1.81E+03 3.22E+08         
190.00 2.06 49.44 0.27 4.81E-02             
191.00 2.06 49.44 0.12 2.14E-02             
192.00 2.06 49.44 0.26 4.63E-02             
193.00 2.06 49.44 0.18 3.20E-02             
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) 
Stage 
(ft.) Q (L/s) 
C (ug/L) 
SCUFA 
g 
Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
194.00 2.06 49.44 0.42 7.48E-02             
195.00 2.05 48.59 0.43 7.52E-02             
196.00 2.06 49.44 0.26 4.63E-02             
197.00 2.31 74.27 0.31 8.29E-02             
198.00 2.48 91.39 0.15 4.94E-02             
199.00 2.39 81.97 0.33 9.74E-02 2.30E+03 6.79E+08         
200.00 2.33 75.98 0.24 6.56E-02     BDL BDL BDL BDL 
201.00 2.31 74.27 1.06 2.83E-01 2.35E+03 6.28E+08         
202.00 2.28 70.85 5.9 1.50E+00             
203.00 2.38 81.11 3.1 9.05E-01 6.25E+03 1.83E+09 BDL BDL BDL BDL 
204.00 2.40 83.69 0.68 2.05E-01             
205.00 2.43 86.26 1.23 3.82E-01 1.93E+04 6.00E+09         
206.00 2.43 86.26 0.93 2.89E-01             
207.00 2.39 81.97 2.25 6.64E-01             
208.00 2.35 78.55 2.58 7.30E-01             
209.00 2.33 75.98 1.72 4.70E-01             
210.00 2.27 70.47 1.56 3.96E-01             
211.00 2.26 69.63 1.4 3.51E-01             
212.00 2.26 68.78 1.1 2.72E-01             
213.00 2.26 68.78 1.1 2.72E-01             
214.00 2.26 68.78 0.82 2.03E-01             
215.00 2.26 68.78 0.62 1.54E-01             
216.00 2.25 67.95 0.9 2.20E-01             
217.00 2.24 67.10 1.09 2.63E-01             
218.00 2.24 67.10 0.66 1.59E-01             
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) 
Stage 
(ft.) Q (L/s) 
C (ug/L) 
SCUFA 
g 
Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
219.00 2.24 67.10 0.34 8.21E-02             
220.00 2.23 66.26 0.47 1.12E-01             
221.00 2.23 66.26 0.12 2.86E-02             
222.00 2.23 66.26 0.41 9.78E-02             
223.00 2.23 66.26 0.22 5.25E-02             
224.00 2.23 66.26 0.11 2.62E-02             
225.00 2.23 66.26 0 0.00E+00             
226.00 2.23 66.26 0 0.00E+00             
227.00 2.23 66.26 0.15 3.58E-02             
228.00 2.23 66.26 0 0.00E+00             
229.00 2.23 66.26 0.05 1.19E-02             
230.00 2.23 66.26 0 0.00E+00             
231.00 2.23 66.26 0 0.00E+00             
232.00 2.23 66.26 0 0.00E+00             
233.00 2.23 66.26 0 0.00E+00             
234.00 2.22 65.42 0 0.00E+00             
235.00 2.22 65.42 0 0.00E+00             
236.00 2.22 65.42 0 0.00E+00             
237.00 2.22 65.42 0 0.00E+00             
238.00 2.22 65.42 0.11 2.59E-02             
239.00 2.22 65.42 0 0.00E+00             
240.00 2.22 65.42 0 0.00E+00             
241.00 2.21 64.58 0 0.00E+00             
242.00 2.21 64.58 0 0.00E+00             
243.00 2.21 64.58 0 0.00E+00             
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) 
Stage 
(ft.) Q (L/s) 
C (ug/L) 
SCUFA 
g 
Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
244.00 2.20 63.73 0 0.00E+00             
245.00 2.20 63.73 0 0.00E+00             
246.00 2.20 62.89 0 0.00E+00             
247.00 2.20 62.89 0 0.00E+00             
248.00 2.20 63.73 0.07 1.61E-02 5.69E+03 1.31E+09 2.48E+02 5.69E+07 BDL BDL 
249.00 2.20 62.89 0 0.00E+00             
250.00 2.20 62.89 0 0.00E+00             
251.00 2.20 62.89 0 0.00E+00             
252.00 2.20 62.89 0 0.00E+00             
253.00 2.20 62.89 0 0.00E+00             
254.00 2.19 62.05 0 0.00E+00             
255.00 2.18 61.21 0 0.00E+00             
256.00 2.20 62.89 0 0.00E+00             
257.00 2.23 66.26 0 0.00E+00             
258.00 2.28 71.32 0 0.00E+00             
259.00 2.34 77.21 0 0.00E+00             
260.00 2.39 82.26 0 0.00E+00     BDL BDL BDL BDL 
261.00 2.37 80.58 0 0.00E+00             
262.00 2.34 77.21 0 0.00E+00             
263.00 2.33 76.36 0 0.00E+00             
264.00 2.37 79.73 0 0.00E+00             
265.00 2.46 88.99 0 0.00E+00             
266.00 2.63 105.83 0 0.00E+00             
267.00 2.74 116.78 0 0.00E+00             
268.00 2.93 136.14 0 0.00E+00             
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) 
Stage 
(ft.) Q (L/s) 
C (ug/L) 
SCUFA 
g 
Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
269.00 3.01 143.72 0.21 1.09E-01             
270.00 3.85 227.91 0.14 1.15E-01             
271.00 4.83 325.56 0.71 8.32E-01             
272.00 5.88 429.96 1.95 3.02E+00             
273.00 6.69 510.78 4.84 8.90E+00             
274.00 7.37 578.97 7.17 1.49E+01             
275.00 8.03 644.65 7.45 1.73E+01             
276.00 8.58 699.36 8.71 2.19E+01             
277.00 8.73 713.68 9.63 2.47E+01             
278.00 8.62 702.73 14.14 3.58E+01             
279.00 8.44 685.05 16.97 4.19E+01             
280.00 8.42 683.37 15.21 3.74E+01             
281.00 8.53 694.32 11.96 2.99E+01             
282.00 8.46 686.74 10.58 2.62E+01             
283.00 8.77 717.89 8.67 2.24E+01             
284.00 9.22 763.35 7.53 2.07E+01 1.70E+03 4.67E+09 6.61E+03 1.82E+10 4.45E+03 1.22E+10 
285.00 9.76 817.23 7.36 2.17E+01             
286.00 10.79 919.11 7.87 2.60E+01             
287.00 11.82 1021.82 8.51 3.13E+01             
288.00 12.57 1096.75 13.83 5.46E+01             
289.00 12.98 1138.00 20.73 8.49E+01             
290.00 13.11 1150.63 16.45 6.81E+01             
291.00 13.12 1151.47 12.85 5.33E+01             
292.00 13.04 1143.89 11.23 4.62E+01             
293.00 12.94 1133.78 9.26 3.78E+01             
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) 
Stage 
(ft.) Q (L/s) 
C (ug/L) 
SCUFA 
g 
Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
294.00 12.82 1122.00 8.49 3.43E+01             
295.00 12.71 1111.06 7.81 3.12E+01             
296.00 12.59 1098.43 6.97 2.76E+01             
297.00 12.22 1062.22 6.01 2.30E+01             
298.00 11.89 1029.39 6.08 2.25E+01             
299.00 11.66 1005.82 5.75 2.08E+01             
300.00 11.25 965.41 5.52 1.92E+01             
301.00 10.64 904.79 4.88 1.59E+01             
302.00 9.98 838.28 4.37 1.32E+01             
303.00 9.38 778.50 4.24 1.19E+01             
304.00 8.95 735.57 3.65 9.67E+00             
305.00 8.59 700.21 3.63 9.15E+00             
306.00 8.26 667.38 3.4 8.17E+00             
307.00 7.95 636.22 3.33 7.63E+00             
308.00 7.71 612.65 3.36 7.41E+00 5.80E+02 1.28E+09 1.38E+04 3.04E+10 BDL BDL 
309.00 7.54 595.82 3.58 7.68E+00             
310.00 7.39 580.66 2.85 5.96E+00             
311.00 7.21 562.98 3.14 6.36E+00             
312.00 7.04 546.14 3.35 6.59E+00             
313.00 6.87 528.46 2.64 5.02E+00             
314.00 6.71 512.46 2.69 4.96E+00             
315.00 6.57 499.00 2.63 4.72E+00             
316.00 6.46 488.05 2.86 5.03E+00             
317.00 6.37 478.80 2.93 5.05E+00             
318.00 6.27 468.69 2.27 3.83E+00             
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) 
Stage 
(ft.) Q (L/s) 
C (ug/L) 
SCUFA 
g 
Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
319.00 6.15 456.90 2.48 4.08E+00             
320.00 6.02 444.27 2.39 3.82E+00             
321.00 5.89 430.80 2.17 3.37E+00             
322.00 5.74 416.49 2.28 3.42E+00             
323.00 5.63 404.70 2.08 3.03E+00             
324.00 5.56 397.97 2.14 3.07E+00             
325.00 5.50 392.07 2.16 3.05E+00             
326.00 5.42 384.50 2.05 2.84E+00             
327.00 5.33 375.24 2.28 3.08E+00             
328.00 5.26 368.50 2.11 2.80E+00             
329.00 5.18 360.08 2.37 3.07E+00             
330.00 5.09 350.82 2.23 2.82E+00             
331.00 5.03 344.93 1.95 2.42E+00             
332.00 4.96 338.19 1.94 2.36E+00             
333.00 4.90 332.30 1.94 2.32E+00             
334.00 4.85 327.25 1.6 1.88E+00             
335.00 4.79 321.36 2.24 2.59E+00             
336.00 4.73 315.47 2.13 2.42E+00             
337.00 4.67 309.57 2.03 2.26E+00             
338.00 4.61 303.68 1.78 1.95E+00             
339.00 4.54 296.94 1.6 1.71E+00             
356.00 3.77 219.49     5.10E+02 4.84E+09 BDL BDL BDL BDL 
452.00 2.75 118.46                 
476.00 2.58 101.62     6.20E+02 5.44E+09         
500.00 4.59 301.15         BDL BDL BDL BDL 
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      Rhodamine WT Microspheres kps E. coli iha E. coli 
Time 
(h) 
Stage 
(ft.) Q (L/s) 
C (ug/L) 
SCUFA 
g 
Rhodamine 
C 
(microspheres/L) 
Micro-
spheres C (kps/L) kps C (iha/L) iha 
548.00 3.59 201.80                 
572.00 3.22 164.77     4.60E+02 6.55E+09         
668.00 2.64 107.52                 
692.00 2.53 95.73     4.30E+02 3.56E+09         
764.00 2.35 78.04                 
788.00 2.33 76.36     3.40E+02 2.24E+09 BDL BDL BDL BDL 
884.00 3.46 189.18                 
908.00 3.13 155.50     4.80E+02 6.45E+09         
1052.00 3.55 197.60                 
1076.00 3.83 226.22     6.00E+02 1.17E+10 4.64E+02 9.07E+09 BDL BDL 
1100.00 18.58 1696.17     1.30E+03 1.91E+11         
1124.00 15.96 1435.19     7.70E+02 9.55E+10         
1148.00 14.55 1293.74                 
1172.00 11.95 1035.28     5.40E+02 4.83E+10         
1196.00 9.17 758.30                 
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